DYNAMIC  SHEAR  STRENGTH  OF  REINFORCED 
CONCRETE  BEAMS — FART  III 


September  1970 


NATIONAL  TICHNICAL 

information  SHJVICI 


Sponsored  by 


D  D  C 

mf?r^^3nn 

I?  M*  *  1970  ; 

UEubtsm/lstM 


DEFENSE  ATOMIC  SUPPORT  AGENCY 
NAVAL  FACILITIES  ENGINEERING  COMMAND 


NAVAL  CIVIL  ENGINEERING  LABORATORY 
Port  Hueneme,  California 


TWc  document  hoc  been  ■permed  tar  public 
I**  end  Me;  H$  dtetributlo n  le  unlimited. 


ft 


ft 


DYNAMIC  SHEAR  STRENGTH  OF  REINFORCED  CONCRETE 
BEAMS— PART  III 

Technical  Report  R  695 

Y-F0G8  08  02  1 1C,  DASA  SC3318 

by 

Richard  H  Seabold 


ft 


ft 


ABSTRACT 


JIC£3>C1  i*’ 

]cmi 

ifi'jC 

IwnwMCn 

jltt’l'Ki.  H 


Theoretical  and  experimental  work  was  done  at  NCEL  to  study 
shear  and  diagonal  tension  in  rectanqular  reinforced  concrete  beams  on 
Simple  supports  and  subjected  to  uniformly  distributed  dynamic  and  static 
loads  The  objective  was  to  determine  criteria  for  the  minimum  amount  of 
web  reinforcement  required  for  developing  the  ultimate  flexural  resistance 
of  beams,  and  to  determine  the  difference  between  these  enter  .a  for  static 
and  dynamic  loading 

The  main  portion  of  the  experimental  work  consisted  of  testing 
53  beams,  29  were  loaded  dynamically  and  24  were  loaded  statically 
Emphasis  was  placed  on  effectiveness  of  web  reinforcement,  47  beams 
contained  web  reinforcement  and  six  had  none  All  of  the  beams  were 
tested  in  the  NCEL  blast  simulator  Static  loads  were  apolied  using  com¬ 
pressed  air,  and  dynamic  loads  were  applind  using  the  expanding  gas  from 
detonation  of  Primacord  explosive  All  of  the  beams  were  slender,  and  all 
of  them  were  rectangular  except  10  that  were  I  shaped 

It  was  found  that  the  shear  and  the  shear  strength  in  the  beams 
were  greater  under  dynamic  load  than  under  the  same  amount  of  load 
applied  statically  Furthermore,  it  was  found  that  a  beam  with  enough 
web  'einforcement  to  force  flexural  failure  under  static  loading  might  not 

- .have  enoygn  to  force  flexural  failure  under  d/namic  loading  The  theory 

waifpdnd  to  predict  behavior  up  to  the  usable  ultimate  shear  strength 
ihjff  normal  en9’neermg  accuracy  and  to  provide  a  fair  estimate  of  the 

ti£je.  location,  and  mode  of  failure 


usttriw  finurem  two 
ret  ’  ira  m  «  Kcwi 


ft 


ft 


ft 


ft 


ft 


ft 


ft 


Thu  document  has  been  approved  for  publ  c  release  and  sale  us  distribution  is  unlimited 

Copies  available  at  the  Clear mghouse  lor  Federal  Scientific  i  Technical 
Information  (CF$T|)  Sills  Budding  S>285  Port  Royal  Road  Spr.ngf.eld  Va  *2151 


t 

1 

> 

CONTENTS 

» 

INTRODUCTION 

P»9t 

1 

Objectives 

1 

i  , 

1  Background  . 

1 

> 

Scope  .  .  ,  .... 

9 

S 

Notation  .... 

13 

Definitions  . 

14 

c* 

SUMMARY  OF  PREVIOUS  WORK 

18 

» 

Series  A  Beam  Tests 

18 

Series  B  Beam  Tests 

18 

Series  C  Beam  Test 

21 

» 

Pull-Out  Bond  Tests  . 

22 

J  Ovnamic  Testing  ofMatermk . 

22 

' 

Modal  Analysis  .  . 

.  .  23 

1  Series  D  Beam  Tests . 

24 

1 

Series  E  Beam  Tests . 

27 

Series  H  and  Series  L  Beam  Tests. 

32 

theory . 

34 

^  Concept  of  Ductility  Along  the  Span . 

34 

» 

General  Approach  to  Design  .  . 

39 

General  Approach  to  Analysis 

40 

Linear  Acceleration  Extrapolation  Method 

41 

^  Dynamic  Stress  Rate  of  Concrete  in  Diagonal  Tension  .  . 

43 

» 

Ovnamic  Strain  Rates  in  the  Materials . 

4S 

Dynamic  Yield  Strength  of  Reinforcing  Steel 

48 

Dynamic  Compressive  Strength  of  Concrete 

48 

< 

1  * 

III 

1 

• 

» 


pag* 

Dynamic  Tensile  Strength  of  Concrete .  60 

Shear  Resistance .  ...........  51 

Bond  Resistance  62 

Flexural  Resistance  .•  63 

Computer  Programs . 68 

SERIES  F  TESTS . ......  70 

Obiectives  ..........  70 

Test  Specimens  70 

Equipment  .  ....  .  .  .  77 

Measurements  .  77 

Procedure .  79 

Findings  and  Conclusions . 84 

CONCLUSIONS  . . ,130 

RECOMMENDATIONS  FOR  OESIGN . .  .  .  133 

Static  Load  Design  Criteria  .  133 

Dynamic  Load  Design  Criteria  . 134 

Motion  Criteria . 135 

Concrete  .  .  . .  .  .  135 

Longitudinal  Reinforcement . 136 

Web  Reinforcement . 137 

Oesign  Procedure . 139 

Analysis  Procedure . 141 

ACKNOWLEDGMENTS . 142 


IV 


APPENDIXES 

A  -  Strength  Properties  of  Materials 
B  -  Moment  of  Inertia  and  Sprang  Constant 
C  -  Inelastic  Hinging 

REFERENCES  . 


LIST  OF  SYMBOLS  . 


INTRODUCTION 


Objectives 

In  order  to  design  structures  to  withstand  the  effects  of  nuclear 
weapons,  there  is  a  need  for  knowledge  of  the  resistance  and  behavior  in 
diear  of  reinforced  concrete  beams  under  dynamic  load  The  objectives 
of  the  work  reported  here  were  to  determine  criteria  for  the  n»  mmum 
amount  of  web  reinforcement  required  for  developing  the  ultimate  flexural 
resistance  of  beams,  and  to  determine  the  difference  between  these  criteria 
for  static  and  dynamic  loading 

Background 

Failure  and  Design  Criteria.  The  major  difference  between  design 
criteria  for  protective  construction  and  conventional  construction  has  been 
stated  by  Hammer  and  Dill  in  the  following  paragraph  1 

Whan  considering  the  atomic  defense  problem,  the  usual  concept 
of  failure  of  a  structure  most  be  extended  Superimposed  on  the  usual 
consideration;  ore  those  of  military  and  emergency  operation  In  soma 
cases  major  damage  can  be  accepted  and  m  other  cases  the  acceptable 
damage  is  only  m.nor.  The  structure  must  be  thought  of  as  having  an 
assigned  primary  or  secondary  function  Performance  of  this  function 
may  be  required  immadietafy  or  a  time  for  recovery  may  be  allowable. 

Army,2  Navy,3  and  Air  Force4  manuals  and  a  book*  are  available 
to  designers  for  use  as  guides  for  designing  structures  to  resist  the  effects  of 
nuclear  weapons.  They  contain  discussions  indicating  that  depending  on  the 
mission  of  a  structure  that  structure  might  be  designed  to  behave  elastically, 
elasto  plastically,  or  plastically  Further,  the  design  criteria  tor  elements 
might  be  based  on  absolute  displacements,  relative  displacements,  stresses, 
strains,  accelerations,  and/or  velocities.  These  references  provide  little  or 
r»o  information  about  the  economical  design  in  shear  of  reinforced  concrete 
beams  under  d/namic  load.  The  information  that  is  provided  is  based  on 
static  testing  of  beams  and  is  projected  to  the  dynamic  case  using  logical 
reasoning  and  data  from  dynamic  tests  on  engineering  materials 


The  following  important  statement  is  part  of  a  discussion  of  failure 
and  design  criteria  in  the  Air  Force  Design  Manual  • 

It  a  usually  desirable  to  insure  that  if  failure  does  occur  it  will  be 
m  a  predicted  fashion  Th«  can  be  decided  either  with  the  aim  of  reducing 
the  violence  of  suddenness  of  failure  or  of  controlling  failure  m  e  manner 
which  is  well  understood. 

From  this  statement,  it  is  deduced  that  reinforced  concrete  beams  should 
be  proportioned  in  such  a  way  that  it  failure  does  occur  the  mode  of  failure 
will  be  ductile  flexure  since  flexural  behavior  is  the  best  understood  behavior 
and  ductile  failures  are  less  violent  than  brittle  ones.  Also,  if  large  shear 
cracks  are  to  be  allowed,  beams  should  be  proportioned  in  such  a  way  that 
shear  behavior  will  tend  toward  the  most  favorable  mode  of  shear  failure 

Beams  Failing  in  Shaar  Under  Static  Loads.  Researchers  have  been 
active  during  the  last  15  years  advancing  theories  about  static  shear  behavior 
and  testing  beams  which  failed  in  shear  under  static  loads.  In  Germany, 

Leon  hard  t  and  Walther7  •  conducted  an  extensive  long-term  program. 

Tfieir  theoretical  studies  included  the  concepts  of  truss  analogy,  tied  arch 
analogy,  and  shear  failure  moment  They  performed  a  large  number  of 
tests  on  reinforced  concrete  beams  which  included  uniform  and  concen¬ 
trated  loads,  simple  supports,  rectangular  sections  and  T-sections,  various 
web  thicknesses,  a  wide  range  of  spanto-depth  ratio,  high-strength  steel, 
h.gh-strength  concrete,  and  various  types  and  arrangements  of  web 
reinforcement  Uniform  load  was  obtained  by  placing  pressurized  fire 
hoses  between  a  loading  beam  and  the  test  beam  Some  of  the  beams 
had  no  web  reinforcement,  others  had  web  reinforcement  consisting  of 
bent-up  inclined  bars,  vertical  stirrups,  or  inclined  stirrups.  The  results 
of  the  tests  indicated  that  stirrups,  when  functioning  at  high  stresses  as 
shear  reinforcement,  are  more  suitable  than  bent-up  inclined  bars,  and  if 
failure  results  from  destruction  of  the  shear-compression  zone.  •*  may  be 
advantageous  to  use  vertical  stirrups  with  their  relieving  effect  upon  the 
compression  flange. 

Ojha,  also  working  in  Germany,  presented  a  paper*  in  which  he 
gave  a  method  of  calculating  the  shear  strength  of  reinforced  and  prestressed 
concrete  rectangular  beams  under  one-  or  two-point  loads.  The  behavior  of 
the  concrete  in  the  compression  zone  is  considered  in  the  method  by  use  of 
a  distortion  energy  principle  similar  to  the  shear  rotation  concept.  In  both 
distortion  energy  and  shear  rotation  concepts,  (1)  it  is  assumed  that  there 
is  a  point  of  rotation  at  or  rear  the  head  of  the  mam  shear  crack  and  12)  the 
end  portion  of  the  beam,  which  tends  to  break  away  from  the  remainder  of 
the  beam,  is  considered  as  a  free  body.  In  the  free-body  diagram  given  by 
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Ojha,  force  vectors  are  shown  for  the  reaction  at  the  support,  tension  in  the 
longitudinal  reinforcement,  horizontal  and  vertical  components  for  stirrups, 
horizontal  and  vertical  components  of  compression  in  the  concrete,  and 
vertical  shear  in  the  concrete.  The  method  could  be  ^xpandeo  to  include 
other  loading  conditions  by  adding  force  vectors  to  ;he  diagram  and  intro¬ 
ducing  additional  terms  to  the  equations. 

Concurrent  with  the  German  work  mentioned  above,  K refold  and 
Thurston1 1  conducted  a  program  at  Columbia  Unrarsity  This  investigation 
included  the  testing  of  some  200  simply  supporter  ©earns,  with  and  without 
stirrups,  having  a  range  of  concrete  strengths,  steel  ratios,  and  span  subjected 
to  both  concentrated  and  uniform  loads.  Most  of  the  beams  with  stirrups 
were  subjected  to  a  center  concentrated  load.  Uniform  load  was  simulated 
by  eight-point  concentrated  loading.  Dowei  action  by  the  long.tudinal 
tension  reinforcement  was  one  of  the  main  items  being  studied,  and  it  was 
found  that  stirrups  function  in  dowel  action  by  providing  support  for  the 
longitudinal  reinforcement  The  theoretical  work  is  based  mostly  on  the 
shear  rotation  concept  and  presupposes  that  after  the  shear  crack  has 
extended  a  short  distance  into  the  compression  zone,  further  propagation 
due  to  shear  depends  upon  the  ability  of  the  beam  to  resist  the  dowel  force 
at  the  level  of  the  longitudinal  bars.  The  following  equation  was  developed 
for  computing  the  shear  resistance  in  beams  without  web  reinforcement. 


V, 

bh 


0) 


where  V,  -  shear  resistance  at  the  critical  section  (lb) 
b  *  beam  width  (in ) 

h  «  beam  height  (in. I 

fj  ■  28-day  compressive  strength  o(  concrete  (psi) 
p  -  steel  ratio 

d  »  effective  depth  of  the  beam  (in.) 

x  »  distance  from  (he  support  to  the  critical  saction  (in.) 
(M/Vj .  •  moment-sheer  ratio  at  the  critical  section  fin ) 


3 


Since  the  shear  and  moment  distributions  along  the  span  are  different  for  the 
two  loading  distributions,  equations  associated  with  each  type  of  loading  were 
developed  for  relating  shears  and  momen  -shear  ratios  at  »he  support  to  those 
at  the  critical  section  For  concentrated  'oadirgs 

V,  =  V  (la) 


whereas  for  uniform  loadings 


V(L  -  2x) 
L 


where  V  *  shear  at  the  support  (lb) 
l  *  span  length  (m  ) 

Measurements  on  test  beams  indicated  that  for  concentrated  loadings 

x  -  0.6a  2  <  a/d  <  5  (1e) 

x  ■  a  -  2d  5<a/d  (If) 

where  a  is  the  shear  span  m  inches,  and  for  uniform  loadings 

x  ■  0.21  4<  t/d<  10  (1g> 

x  «  2d  10  <  L/d  (1h) 

The  following  equations  were  developed  for  estimating  the  maximum 
shear  intensity  in  beams  with  stirrups  subjected  to  one  and  two  concentrated 
loads 


vc  ♦  rfy  90pa<rfy 
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V«u 

bh 


1.5rfy  -  45  30  <  r f y  <  90 pa 


(2a) 


VU 

bh 


vc  rfy<30psi 


(2b) 


where  Vut? 


ultimate  shear  resistance  (lb) 

V„/bh,  shear  intensity  in  beam  withw  web 
reinforcement  (psi) 

reinforcement  ratio  for  web  reinforcement 
yield  strength  of  web  reinforcement  (psi> 


Information  regarding  static  shear  resistance  has  been  documented 
by  many  authors,  much  of  which  is  summarized  in  the  report  of  the  ACI 
ASCE  Joint  Committee  326,  "Shear  and  Diagonal  Tension  ”12  The  following 
semi-empirical  equations,  which  have  been  incorporated  ir.  the  "ACI  Building 
Code,"13  were  selected  by  Committee  326  as  the  basis  for  design  criteria  for 
statically  loaded  beams 


4^1  ♦  2,500  <  3.5# 

vc  4  0(*ina  4  cosa)'~~ 


13) 

(4) 


where  ve  *  shear  strength  at  the  critical  section  contributed  by 
the  concrete  (psi) 

vu  *  usable  ultimate  shear  strength  at  tl. 3  critical  section 
(psi) 

Vc  *  shear  resistance  at  the  critical  section  contributed 
by  the  concrete  (lb) 

Vy  ■  usable  ultimate  shea:  resistance  at  the  critical 
section  (lb) 


b  *  width  of  the  beam  (in  ) 
d  *  effective  depth  of  the  beam  (in ) 
^  *  capacity  reduction  factor 
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f  *  *  28-day  compressive  strength  of  concrete  (psi) 

p  *  steel  ratio 

V/M  *  shear-moment  ratio  at  the  critical  section  (in  ’* ) 
a  =  angle  of  inclination  of  web  reinforcement  (deg) 

A„  *  area  of  a  stirrup  (m2) 
f¥  *  yield  strength  of  stirrups  (psi) 
t  *  horizontal  spacing  of  stirrups  (in  ) 

An  equation  is  not  given  in  the  Code  for  calculating  the  distance  from  the 
support  to  the  critical  section  It  is  stated,  however,  that  "the  shear  at  sec¬ 
tions  between  the  face  of  the  support  and  the  section  a  distance,  d.  therefrom 
shall  not  be  considered  critical  "  This  infers  that  for  simply  supported  beams 
of  constant  cross  section  subjected  to  uniform  loading,  the  distance  from  the 
face  of  the  support  to  the  critical  section  may  be  assumed  to  be  equal  to  the 
effective  depth  of  the  beam,  d  For  beams  with  web  reinforcement,  the  Code 
provides  for  a  lower  limit  to  the  area  of  web  reinforcement  as  follows 

A,  >  0.0015 bs  (4a) 

Equation  3  is  intended  for  designing  beams  without  web  reinforcement 
and  is  based  on  the  following 

(1)  Diagonal  tension  is  a  combined  stress  involving  horizontal 
tensile  stress  due  to  bending  as  well  as  shearing  stress 

(2)  Since  failure  due  to  shear  can  occur  with  the  formation  of 
the  critical  diagonal  crack  if  redistribution  of  internal  forces 
is  not  accomplished  in  design,  the  load  causing  the  formation 
of  the  critical  diagonal  tension  crack  is  generally  considered 
as  the  ultimate  load  carrying  capacity  of  a  reinforced  concrete 
member  without  web  reinforcement 

Committee  326  studied  the  data  from  more  than  440  beam  tests  and  concluded 
that  the  three  significant  parameters  are  percentage  of  longitudinal  reinforce¬ 
ment.  p.  the  dimensionless  quantity,  M/Vd.  and  the  quality  of  the  concrete, 
f*  The  equation  was  obtained  by  fitting  the  parameters  to  the  data  from  194 
tests  on  beams  with  simple  supports  and  concentrated  loads.  At  a  later  time, 
data  from  other  tests  with  different  conditions  of  loading  and  restraint  corre¬ 
lated  well  with  values  computed  using  the  equation 


•! 
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Equation  4  is  intended  for  designing  beams  with  web  reinforcement 
and  is  based  on  the  following 

(!)  Failure  can  occur  m  diagonal  tension  upon  diagonal  cracking, 
in  shear-compression  upon  yielding  of  the  web  reinforcement, 
or  in  shear-compression  prior  to  yielding  of  ihe  web  reinforce¬ 
ment 

(2)  Shear-compression  is  the  most  common  mode  of  failure  in 
normally  proportioned  beams. 

(3)  The  ultimate  shearing  capacity  is  the  sum  of  the  shearing 
capacity  at  diagonal  cracking  plus  a  contribution  from  the 
web  reinforcement  at  the  point  where  yielding  of  the  web 
reinforcement  occurs. 

(41  The  concept  of  truss  analogy  can  be  used  to  analyze  the 
stress  m  the  web  reinforcement 

The  equation  was  obtained  by  summing  the  terms  for  the  cracking  resrstance 
and  for  the  contribution  from  web  reinforcement  From  the  above  concepts 
and  observations,  Keenan14  concluded  that  the  effective  amount  of  web 
reinforcement  required  to  produce  a  flexural  failure  is  a  function  of  the 
difference  between  the  shears  corresponding  tc  the  ultimate  flexural  resis¬ 
tance  and  the  diagonal  tension  cracking  resistance  Tests  on  beams  with  v«b 
reinforcement  to  support  Equation  4  were  limited  both  in  number  and  scope. 12 

The  Code  equations,  numbers  3  and  4,  are  similar  to  the  Krefeld  and 
Thurston  equations,  numbers  1  and  2  They  contain  the  same  dominant 
parameters,  the  same  general  form,  and  nearly  the  same  values  for  coefficients. 
The  use  of  effective  depth,  d,  instead  of  the  height  of  the  beam,  h,  and  the  use 
of  the  capacity  reduction  factor,  tend  to  make  the  Code  equations  more 
conservative  than  the  other  equations.  On  the  other  hand,  the  distance  to  the 
critical  section  permitted  by  the  Code  may  tend  to  make  the  Code  equations 
less  conservative  than  the  others.  Another  difference  in  the  equations  is  the 
lower  limit  on  stirrup  effectiveness  The  Code  equations  tend  to  be  the  less 
conservative  in  the  case  of  very  small  beams  with  small  amounts  of  web 
reinforcement  where 

\  >  0.0015  bs  and  rfy  <  Xpti 

Rajagopalan  and  Ferguson*  indicated  that  the  Code  equation  for  the 
Shear  strength  contributed  by  the  concrete.  ve.  is  unconservative  when  the 
steel  ratio,  p.  is  small  They  performed  tests  on  ten  beams  having  p  between 


•  UnpuWi^ad  communication  "Exploratory  #i«ar  test* ^mphasumg  percentage of 
longitudinal  steal,''  by  K  S  Rajagopalan  and  P  M  Ferguson  University  of  Texas 
at  Austin.  Oct  1967 
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0.0173  and  0  0025.  Also,  they  analyzed  the  results  of  tests  by  other 
investigators  on  27  beams  with  p  less  than  0.01 2  For  the  data  analyzed, 
the  following  equation  seemed  to  define  a  safe  lower  bound 

ve  *  (0.8  ♦  100pl^/fJ  p<  0.012  (5) 

Dynamic  Properties  of  Materials.  The  rapid  loading  of  materials  causes 
rapid  strain  rates  which,  in  turn,  affect  the  stress-strain  relationships  and  tiv* 
circumstances  under  which  brittle  failure  can  occur.  As  the  rate  of  strain  in 
Steel  is  increased.  (1)  the  yield  stress  increases,  12)  the  yield  strain  increases, 

13)  the  modulus  of  elasticity  in  the  elastic  range  remains  essentially  constant. 
(4)  the  strain  at  which  strain  hardening  begins  increases,  and  (5)  the  ultimate 
Strength  increases 1  Since  the  yield  stress  increases  more  rapidly  than  the 
ultimate  stress,  failures  in  material  specimens  tend  to  be  more  brittle  under 
dynamic  load  than  under  static  load  Concrete  under  dynamic  compression 
behaves  similarly,  but  the  influence  of  strain  rate  on  the  compressive  strength 
of  concrete  is  not  as  easily  determined  First,  the  stress-strain  relationship  of 
concrete  has  no  appreciable  linear  region  even  under  static  load.  Second,  in 
the  Code  provisions  for  static  design  of  beams,  the  compressive  limit  (yield) 
strain.  0  003  in./in  .  is  rather  arbitrarily  chosen.  Third,  the  effective  modulus 
of  elasticity  appears  to  change  under  dynamic  load  Attention  is  also  given  to 
the  possibility  that  concrete  in  control  specimens  may  behave  differently  than 
concrete  in  beams  because  of  boundary  effects,  size  effects,  and  the  presence 
or  absence  of  bond  with  compression  reinforcement.  Dynamic  yield  stresses 
for  concrete  in  compression  and  reinforcing  bars  in  tension  are  recommended 
in  several  source*4*1* 11 

Nagarato  Rao.  lohrmann.  and  Tall14  tested  specimens  of  AS1M  steels 
A36.  A44t.  and  A514  to  determine  the  effect  of  strain  rate  on  yield  stress  in 
the  inelastic  range.  They  presented  the  following  equation  to  relate  the  strain 
rate  to  the  ratio  of  the  dynamic  yield  stress  level  and  the  static  yield  stress  level 

-  1  ♦  ki"  (8) 

when  0..  •  dynamic  yield  stress  level  Ipsi) 

•„  *  static  yield  stress  level  Ipsi) 
k  •  constant  peculiar  to  ttie  material 

n  ■  constant  peculiar  to  the  material 

{  »  strain  rale  (in  /in  /see) 
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The  dynamic  yield  stress  level,  ,  was  defined  as  the  average  stress  during 
actual  yielding  in  the  inelastic  range,  which  remains  fairly  constant  provided 
the  strain  rate  remains  constant  The  static  yield  stress  level,  an,  was  defined 
as  the  average  stress  during  actual  yielding  in  tt.e  inelastic  range  at  zero  strain 
rate,  this  stress  remains  fairly  constant  When  th=  stress  was  not  constant,  it 
was  taken  as  the  stress  corresponding  to  a  strain  o.‘  0  5% 

Tests  were  made  by  Lundeen  and  Saucier’7  to  study  the  dynamic 
tensile  strength  of  concrete,  otherwise,  little  or  no  background  information 
could  be  found  regarding  dynamic  tensile  and  shear  strengths  of  concrete 
and  dynamic  bond  strength 

Beams  Failing  in  Shear  Under  Impact  Loads.  Research  on  the  shear 
and  bond  strength  of  high-strength  reinforced  concrete  beams  under  impact 
loads  has  been  conducted  at  the  University  of  Texas  under  contract  with  the 
Air  Force  Weapons  Laboratory  (APWU  ,l'  '•  The  first  phase,  now  complete, 
included  41  beam  tests  4  flexure  tests,  22  shear  tests,  and  15  anchorage  tests. 
All  the  beams  had  28-day  compressive  strengths  of  concrete,  #*.  of  about 
8.00C  psi  and  longitudinal  reinforcing  bar  yield  strengths,  fy,  exceeding 
75,000  dsi  All  were  simply  supported  and  subjected  to  concentrated  load¬ 
ings.  Twenty-two  beams  were  loaded  s'owly  (static  load)  and  19  beams  were 
loaded  rapidly  by  means  of  a  falling  mass  (impact  load)  that  struck  the  beams 
through  an  impulse-controlling  cush'on.  The  initial  rise  time  to  about  50% 
of  the  maximum  load  was  3  to  5  msec  After  the  initial  rise,  the  force  con¬ 
tinued  to  increase  at  a  slower  rate  until  the  specimen  failed  or  absorbed  all 
the  energy  of  tha  drop  The  time  from  impingement  to  maximum  force 
varied  from  25  to  70  msec.  Flexure,  shear,  and  anchorage  failures  were 
obtained 

In  the  22  shear  tests,  both  deep  and  slender  beams  were  tested. 

Eleven  beams  were  loaded  dynamically  and  1 1  companions  were  loaded 
statically  Punching  shear,  diagonal  tension,  and  shear-compression  failures 
were  obtained.  Only  three  beams  with  stirrups  were  tested  dynamically, 
therefore,  no  quantitative  conclusions  were  made  regarding  the  effectiveness 
of  stirrups  under  dynamic  load. 

Scope 

Experimental  Work.  The  main  portion  of  tha  experimental  work  at 
NCEL  consisted  of  tests  on  simply  supported  reinforced  concrete  beams 
subjected  to  dynamic  and  static  uniformly  distributed  loads.  Of  the  53  beams 
tested.  29  were  loaded  dynamically  and  24  were  loaded  statically.  Emphasw 
was  placed  on  effectiveness  of  web  reinforcement,  47  beams  contained  web 
reinforcement  and  six  had  none. 
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Static  uniform  loads  were  applied  using  compressed  air.  dynamic 
uniform  loads  were  applied  using  the  expanding  gas  from  detonation  of 
Pnmacord  Dynamic  loads  had  rise  limes  of  1  to  2  msec  and  exponential 
decays.  Dynamic  load  durations  varied  from  T/T„  ■  1  4  to  T/Tn  = 
where  T  is  the  effective  load  duration  and  T„  is  the  natural  period  of 
vibration 

The  43  rectangular  beams  were  slender  I  L/d  >  7)  and  they  had 
either  no  web  reinforcement  or  web  reinforcement  consisting  of  vertical 
deformed  bars  or  plain  wires.  The  pumary  parameters  studied  were  peak 
load,  load  duration,  and  rate  of  loading,  stirrup  spacing,  area  of  stirrups, 
and  the  yield  strength  of  the  stirrups,  and  concrete  strength  (Table  1) 
Length-to-depth  ratio  and  longitudinal  steel  percentage  were  studied  also, 
but  to  a  lesser  degree. 

The  10  I-beams  had  very  thin  webs  and  were  of  intermediate 
slenderness  (5  <  L/d  <  7),  and  they  had  welded  wire  fabric  fo-  web 
reinforcement  The  parameters  studied  were  peak  load,  rate  of  loading, 
stirrup  area,  yield  strength  of  the  stirrups,  and  longitudinal  steel  percentage 
(Table  2).  A  limited  study  on  the  effects  of  web  width  on  diagonal  tension 
was  made  by  comparing  the  behavior  of  the  rectangular  beams  and  the 
I-beams. 

The  beam  tests  were  supplemented  by  dynamic  and  static  tests  on 
the  materials  used  in  the  beams  to  determine  the  dynamic  properties  of  the 
concrete,  stirrups,  and  longitudinal  bars  in  tension,  and  the  concrete  in  com¬ 
pression.  Pull-out  tests  to  study  the  influence  of  normal  pressure  on  bond 
were  conducted  at  the  Iowa  State  University. 

The  l-beam  tests,  the  pull-out  tests,  and  some  of  the  dynamic  tests 
on  concrete  were  funded  by  the  Naval  Facilities  Engineering  Command  under 
Work  Unit  Y-F01 1*05-04-002.  Thin  Shell  Construction.  All  of  the  other 
testing  was  funded  by  DASA  under  Subtask  No.  SC3318  (formerly  Subtask 
13.018  and  RSS3318). 

Theoretical  Work.  A  simplified  design  method  and  both  simplified 
and  rigorous  analysis  methods  were  developed  for  simply  supported  rectan¬ 
gular  reinforced  concrete  beams  under  uniform  and  concentrated  dynamic 
loads.  Many  of  the  equations  apply  to  other  conditions  of  loading  and 
restraint  as  well.  Equations  were  developed  for  predicting  the  maximum 
dynamic  shear  at  the  support  (used  in  the  simplified  methods),  the  shear 
at  the  support  with  respect  to  time  (used  in  the  rigorous  method),  and  the 
dynamic  resistance  of  the  beam  at  the  support  corresponding  to  shear 
cracking,  shear  yielding,  shear  failure,  flexural  yielding,  and  flexural  failure 
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A  computer  code  was  programmed  to  make  calculations  using  the 
rigorous  analysis  procedure  The  procedure  is  based  on  the  linear  accelera¬ 
tion  extrapolation  method  for  numerical  analysis  of  single-degreeof-freedom 
systems,  and  for  each  cycle  of  the  calculation,  checks  are  made  for  shear  and 
bond  The  procedure  applies  m  the  elastic,  elasto-plastic.  and  plastic  regions 
of  response,  and  the  motion  parameters  (displacement,  velocity,  and  acceler¬ 
ation)  are  calculated  for  each  cycle,  therefore,  the  procedure  applies  to  all 
the  types  of  failure  and  design  criteria  previously  discussed. 

Reports.  This  report  contains  a  summary  of  the  previous  work  at 
NCEL,  a  presentation  of  the  theory  used  in  the  computer  code,  the  reporting 
on  the  final  series  of  beam  tests  (Series  FI,  conclusions  about  all  of  the  work, 
and  recommendations  The  testing  of  materials  associated  with  the  Series  F 
beams  is  reported  in  Appendix  A  Earlier  reports  covered  Series  D  and  Series  E, 
the  beam  tests  in  Series  A,  8.  and  C  have  net  been  previously  reported 

Notation 

In  the  Introduc'ion  of  this  report,  notation  conforms  to  that  of  the 
reference  cited,  anti  local  lists  of  symbols  are  provided  with  equations.  In  the 
body  of  this  report,  notation  conforms  as  nearly  as  practical  to  that  of  the 
ACI  designation,  and  a  List  of  Symbols  is  provided  on  page  1 79  A  few  nota¬ 
tions  and  definitions  are  different  from  those  in  previous  reports  on  this  work 
unit.  Such  changes  were  made  in  the  interest  of  simplicity,  order,  and 
standardisation. 

In  general,  uppercase  tatters  are  used  to  indicate  forces  while  lowercase 
letters  indicate  forces  per  unit  area.  For  example,  V,  is  the  usable  ultimate 
shear  resistance  (total  force),  while  v„  is  the  usable  ultimate  shear  stress  (force 
per  unit  area).  Where  it  is  necessary  to  indicate  location  at  the  support  rather 
than  at  the  critical  section,  the  subscript  s  is  used  to  specify  location  at  the 
support.  For  example,  V„  is  the  ultimate  shear  resistance  at  the  support 
while  V„  is  the  usable  ultimate  shear  resistance  at  the  critical  section  A  letter 
d  is  added  to  the  subscripts  of  symbols  to  denote  the  dynamic  case  For  instance, 
f,  is  the  yield  strength  of  steel  in  tension  and  f4v  denotes  the  dynamic  yield 
strength  of  steel  in  tension.  In  order  to  differentiate  between  the  strengths  of 
stirrups  and  longitudinal  tension  and  compression  steel,  the  subscript  contains 
a  letter  v  to  denote  stirrup  material  and  a  prime  denotes  a  mater rai  in  compres¬ 
sion  Thus,  f^  is  the  dynamic  yield  strength  of  stirrups,  is  the  dynamic 
yield  strength  of  steel  in  compression,  and ),,  is  the  dynamic  yield  strength  of 
steel  m  tension 
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Definitions 

Behavior.  When  testing  a  beam  subjected  to  dynamic  load,  the 
experimental  engineer  does  not  have  time  to  observe  the  formation  of 
cracks  in  order  to  make  judgments  regarding  change  in  behavior,  nor  can 
he  know  the  moment  when  the  resistance  in  the  beam  changes  suddenly 
since  the  beam  is  in  motion  throughout  the  test  He  must  use  measured 
values  instead  of  visual  obsenuttons  to  judge  behavior  Therefore,  it 
becomes  necessary  to  define  changes  in  behavior  such  as  cracking,  yielding, 
and  failure  in  quantitative  as  well  as  qualitative  terms. 

Critical  Strains.  It  seems  logical  that  values  of  stress  or  strain  in  the 
materials  from  which  the  beam  is  made  should  be  used  instead  of  motions 
or  forces  to  define  changes  in  behavior,  because  critical  values  of  stress  and 
strain  can  be  obtained  from  tests  on  specimens  of  the  materials.  Further¬ 
more.  motion  or  force  parameters  cannot  or  are  not  easily  compared  with 
similar  parameters  in  statically  loaded  beams  Stratn  is  preferred  over  stress 
because  it  is  more  easily  measured  in  the  beams,  and  stress  is  less  applicable 
in  the  ineiastic  range  of  behavior.  The  traditional  practice  of  using  stress 
criteria  in  elastic  design  does  not  cause  a  serious  problem  here.  Since  the 
modulus  of  elasticity  of  steel  does  not  change  an  appreciable  amount  as  the 
strain  rate  is  increased,  conversion  between  stress  and  strain  in  the  elastic 
range  is  easily  done.  Unless  determined  otherwise  in  tests,  the  modulus  of 
elasticity  for  steel  in  the  dynamic  end  static  cases  can  be  assumed  to  be13 


6,  -  29,000,000  psi 

As  mentioned  before,  the  stress-strain  relationship  of  conciete  in  compression 
is  nonlinear  in  the  elastic  range,  and  the  effective  modulus  of  elasticity  increases 
as  the  strain  rate  is  increased  However,  the  magnitude  of  the  net  effect  of  the 
increase  m  modulus  in  beams  is  probably  less  than  the  total  error  due  to 
ID  possible  changes  in  stress  block  shape,  (2)  changes  in  toughness,  and 
f3)  approximation  of  the  static  modulus  used  in  design  Thus,  unless  deter¬ 
mined  otherwise  in  tests,  the  modulus  of  elasticity  for  concrete  in  compression 
in  the  dynamic  and  static  cases  can  be  assumed  to  be13 

e,  •  p’»33  V*T  Of 

where  Ec  -«  modulus  of  elasticity  of  concrete  in  compression  (psij 
p  ■  density  of  concrete  (lb/ft3) 
ft  •  28-day  compressive  strength  of  concrete  (psi> 
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In  the  computer  code,  which  was  used  for  predicting  the  behavior  of 
the  Series  F  beams,  the  increase  in  concrete  modulus  was  considered  by  using 
the  dynamic  strength  of  the  concrete,  f,^,  in  place  of  the  static  strength,  f  *. 
in  Equation  7  The  increase  was  small  since  the  modulus  is  proportional  to 
the  square  root  of  the  compressive  strength.  All  other  computations  were 
made  using  Equation  7  as  shown 

Since  the  stress-strain  relationship  of  concrete  in  compressioo  is 
nonlinear,  the  concepts  of  yield  strength,  yield  strain,  ultimate  strength,  and 
ultimate  strain  do  not  apply  directly.  However,  when  combining  concrete 
and  steel  to  form  beams,  it  becomes  necessary  to  establish  effective  values 
of  these  properties  for  proportioning  the  beams  and  defining  the  regions  of 
response.  The  28-day  compressive  strength,  f the  breaking  stress  of  a  con¬ 
trol  specimen,  is  used  for  a  criterion  in  lieu  of  ultimate  stmss,  and  85%  of 
the  compressive  strength  is  normally  used  in  lieu  of  yield  stress  in  proportioning 
beams.  In  addition,  the  effective  modulus  of  elasticity  is  estimated  by  use  of 
Equation  7  as  given  above.  The  ACI 13  recommends  using  a  limit  strain  of 
0.003  m7in  to  represent  yielding  In  beams  with  compressive  reinforcement, 
destruction  of  the  concrete  in  compression  occurs  prrx/cssively  over  a  range 
of  loads  or  times.  Experience  with  the  flexural  testing  of  beams  has  shown 
that  in  beams  with  compressive  reinforcement,  destruction  usually  occurs 
after  a  strain  of  0.006  m./in  is  reached  at  the  remote  fiber,  and  the  change 
in  the  crushing  strain  in  beams  under  dynamic  load  is  unknown.  Thus,  critical 
events  of  concrete  behavior  in  compression  are  defined  here  as  strains  in  quan¬ 
titative  terms  as 

•  0.003  ln./in.  (yield  strain  of  concrete) 

-  0.006  in./in.  (ultimate  strain  of  concrete) 

The  stresses  «*>  ited  with  those  strains  art 

f„  •  0.85  fj  (static  yield  strength  ot  concrete) 
f*,  ■  0.85 (,',  (dynamic  yield  strength  of  concrete) 

*w  *  *«  (static  ultimate  strength  of  concretel 
%«  *  *et  (dynamic  ultimate  strength  of  concrete) 
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Other  stresses  in  the  concrete  are  computed  as  follows 
Static  loading,  elastic  region 

»c  -  ‘«Et  <  0.85  f; 

Dynamic  loading,  elastic  region 

fe  •  eeEc  <  0.85  fd'e 
Static  loading,  inelastic  region 

085  <  f€  •  ceEe  <  f; 

Dynamic  loading,  inelastic  region 

0.85  f;c  <  f.  -  etEe  <  fd; 

Flexure.  Flexural  cracking  of  the  beam  occurs  when  the  tensile  strength 
of  the  concrete  is  overcome  at  sections  where  bending  forces  are  paramount  and 
shoar  cracks  do  not  already  exist.  In  the  accepted  methods  for  flexural  analysis, 
the  concrete  tensile  stress  and  strain  associated  with  flexural  cracking  are  assumed 
to  be  jero.  The  term  cracked  section  is  used  to  describe  this  condition 

Flexural  yielding  occurs  when  the  longitudinal  tension  steel  yields  or 
when  the  yield  strain  of  the  concrete  is  exceeded  at  the  remote  fiber  If  the 
flexural  yielding  is  governed  by  yielding  of  the  steel,  this  is  referred  to  as  ductile 
yielding  Yielding  of  compression  steel  has  some  influence  on  beam  behavior, 
but  does  not  constitute  yielding  of  the  beam 

Flexural  failure  occurs  when  the  ultimate  strain  of  the  concrete  is 
exceeded  at  the  remote  fiber  or  when  the  longitudinal  tension  steel  ruptures. 

If  the  failure  is  governed  by  failure  (ultimate  strain)  of  the  concrete  prior  to 
yielding  of  the  tension  steel,  this  is  referred  to  as  brittle  failure,  otherwise,  it 
is  referred  to  as  ductile  failure  This  is  to  say  that  ductile  failure  is  always  pre¬ 
ceded  by  ductile  yielding 

Shear.  Shear  cracking  of  the  beam  occurs  when  the  tensile  strength  of 
the  concrete  is  overcome  at  sections  where  diagonal  tension  forces  are  para¬ 
mount.  The  critical  section  is  where  the  diagonal  tension  stress  is  largest,  and 
the  critical  diagonal  tension  crock,  herein  called  the  shear  crack,  initiates  at  or 
nearly  at  a  point  m  that  section  In  thm-webbed  beams,  the  initiation  point  is 
at  the  critical  section,  in  wide- webbed  beams,  the  shear  crack  may  start  from 
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a  flexural  crack  along  the  bottom  of  the  beam  a  short  distance  away  and  then 
propagate  rapidly  to  a  point  in  the  critical  section.  Alter  initiation  of  the  shear 
crack,  increase  in  load  and/or  passage  of  time  may  cause  the  crack  to  progress 
diagonally  upward  The  shear-compression  rone  is  located  at  the  head  of  the 
shear  crack  where  the  concrete  area  acting  m  shear  and  compression  is  greatly 
reduced  by  the  crack,  and  therefore  the  concrete  is  subjected  to  large  shearing 
and  bending  stresses  acting  simultaneously 

Shear  yielding  occurs  when  the  web  reinforcement  yields  at  the  critical 
section  or  when  the  yield  strain  of  the  concrete  is  exoeeded  at  the  remote  fiber 
in  the  shear-compression  rone  Yielding  of  the  longitudinal  reinforcement  at 
the  critical  section  is  not  considered  here  because  it  appears  that  such  yielding 
triggers  dowel  failure  immediately  If  the  shear  yielding  is  governed  by  yielding 
of  the  web  reinforcement,  this  is  referred  to  as  ductile  yielding. 

Shear  failure  can  occur  upon  formation  of  any  one  of  a  large  number  of 
possible  mechanisms  generally  classified  as  pure  shear,  diagonal  tension,  or  shear- 
compression.  Pure  shear  occurs  in  deep  members  and  is  beyond  the  scope  of 
this  work  unit.  Diagonal  tension  failures  can  occur  1 1 1  upon  formation  of  the 
shear  crack  if  redistribution  of  stresses  is  not  accomplished,  <21 1  iter  when  the 
longitudinal  tension  reinforcement  fails  to  resist  the  dowel  forces,  or  (3)  in  rare 
cases  when  the  stirrups  rupture.  Diagonal  tension  failures  triggered  by  cracking 
and  most  of  those  triggered  by  dowel  failure  are  not  preceded  by  shear  yielding, 
they  are  rapid  and  are  considered  to  be  brittle  failures.  Shear-compression 
failure  can  occur  when  the  ultimt'e  strain  of  the  concrete  n  exceeded  in  the 
shear-compression  zone  before  or  after  yielding  of  the  stirrups,  or  can  occur 
in  rare  cam  when  the  stirrups  rupture.  Shear-compression  failures  are  consid¬ 
ered  to  be  ductile,  the  least  violent  being  crushing  of  the  concrete  after  yielding 
of  the  stirrups  If  shear  failure  is  caused  by  stirrup  rupture  without  yielding  in 
the  shear-compression  zone,  that  failure  is  classified  as  diagonal  tension  failure. 
On  the  other  hand,  if  shear  failure  is  caused  by  stirrup  rupture  with  yielding  in 
the  shear-compression  zone,  it  is  classified  as  shear-compression  failure. 

Usable  ultimate  shear  strength  and  usable  ultimate  shear  resistance  are 
defined  by  Equation  4 

Bond-  A  detailed  study  of  bond  was  not  attempted,  but  since  some 
bond  failures  resemble  shear  failures,  studies  were  made  to  insure  against  bond 
failures  in  the  beams  tested  In  those  beams,  longitudinal  tension  bar  anchor- 
age  failure  at  the  support  was  the  most  probable  type  of  bond  failure. 


SUMMARY  OF  PREVIOUS  WORK 


Stria  A  Bam  Tots 

In  the  Series  A  beam  tests,  ID  beams  with  and  without  stirrups  were 
tested  statically  to  study  the  effectiveness  of  stirrups,  (2)  beams  with  stirrups 
were  tested  statically  and  dynamically  to  study  change  in  the  probability  of 
failing  in  shear  or  flexure  with  change  in  loading  rate,  and  (31  beams  with 
•irrups  having  small  stirrup  areas  were  tested  to  study  the  possible  conser¬ 
vatism  of  the  limit  (Ay  >  0.0015  bs)  given  in  the  ACI  Code. 15  These  tests 
were  pilot  tests  to  study  gross  effects  and  develop  techniques. 

Details, vid  instrumentation  of  the  four  beams  designated  Series  A 
(0A1,  WA1.  0A2.  and  WA4I  are  shown  in  Figure  1  The  proportions  and 
static  material  properties  are  given  in  Table  1.  Two  beams  had  stirrups  made 
from  no.  2  deformed  reinforcing  bars  uniformly  spaced  in  the  vicinity  of  the 
critical  section,  and  the  others  had  no  stirrups  near  the  critical  section.  The 
beams  with  stirrups  were  designated  WA,  and  those  without  were  designated 
OA  The  web  reinforcement  was  slightly  mure  than  the  minimum  allowable 
by  the  ACI  Code  neglecting  the  capacity  reduction  factor,  t  Beam  WA4, 
with  stirrups,  was  loaded  dynamically,  the  others  were  loaded  statically. 

Strains  were  measured  in  the  stirrups  in  the  vicinity  of  the  critical  section 
and  in  the  concrete  remote  fiber  and  longitudinal  steel  both  in  the  vicinity 
of  the  critical  section  and  at  midspan.  The  beams  without  stirrups  failed  in 
sheer,  and  those  with  stirrups  failed  in  flexure. 

The  stirrups  were  effective  in  preventing  shear  fai  hires  under  both 
static  and  dynamic  loads,  and  the  probability  of  failure  in  shear  or  flexure 
did  not  appear  to  change  grossly  with  change  in  loading  rate.  The  Code  pro¬ 
visions  for  shear  were  found  to  be  very  conservative  in  the  beams  tested.  The 
loading  equipment  and  beam  reactions  performed  well,  but  the  method  used 
for  detecting  and  measuring  shear  cradling  was  unsatisfactory 

Sarla  B  Beam  Testa 

An  attempt  was  made  m  the  Sena  B  tats  to  obtain  a  shear-compression 
failure  under  static  loading  in  a  beam  with  stirrups  similar  to  the  beams  of 
Sena  A.  The  concrete  strength  and  the  span  length  were  less  to  make  the 
shear  sensitivity  greeter.  A  companion  beam  without  stirrups  was  tested  for 
comparison 

Details  and  instrumentation  of  the  two  bea'ms  designated  Sana  B  are 
shown  in  Figure  2.  and  the  proportions  and  material  properties  are  given  in 
Table  1 .  Bam  W81  had  sti  rups  in  the  vicinity  of  the  critical  section,  and 
beam  OBI  had  none  there.  Both  beams  were  tested  under  static  load  The 
one  without  stirrups  failed  in  shear,  and  the  one  with  stirrups  failed  in  flexure 


The  primary  objective,  to  obtain  a  shear-compression  failure,  was 
not  achieved  The  shear  crack  propagated  up  to  the  level  of  the  compression 
reinforcement,  but  no  crushing  occurred  at  the  top  surface  of  the  beam  in  the 
shear-compression  /one 

Series  C  Beam  Test 

Beam  WC1  was  the  only  be3m  tested  in  Senes  C  The  primary  objective 
of  this  pilot  test  was  to  obtain  a  shear-compression  failure  under  static  load 
The  secondary  objective  was  to  test  two  methods  of  measuring  diagonal  crack¬ 
ing 

The  dimensions  of  the  beam  were  identical  to  those  of  beam  WB1  as 
shown  in  Figure  2,  but  concrete  strength  and  stirrup  yield  strength  were  less 
to  make  the  shear  sensitivity  greater  The  proportions  and  material  properties 
are  given  in  Table  1  The  low  stirrup  yield  strength  was  obtained  by  heat 
treating  the  no  2  deformed  reinforcing  bars  All  of  the  measurements  wh.ch 
had  been  made  in  Senes  B  were  repeated  in  Series  C.  and  two  measurements 
of  shear  cracking  were  made  also 

The  beam  was  loaded  statically  and  failed  in  flexure  Although  failure 
occurred  in  flexure,  a  comparison  of  the  various  strains  indicated  that  shear 
failure  was  nearly  achieved  The  shear  crack  extended  above  the  level  of  the 
compression  reinforcement  as  can  be  seen  in  Figure  3  One  of  the  methods 
of  measuring  shear  cracking  was  considered  to  be  satisfactory  and  was  used 
in  some  of  the  later  beam  tests  The  other  method  was  unsatisfactory. 


Figure  3.  Post  test  photograph  of  beam  WC1. 


Pull-Out  Bond  Tests 


It  was  conjectured  that  low  bond  strength  in  beams  might  contribute 
to  dowel  failures,  and  that  premature  anchorage  failures  might  be  difficult  to 
differentiate  from  diagonal  tension  failures.  Therefore,  it  was  desirable  to 
design  shear  test  specimens  with  high  margins  of  safety  in  bond.  On  the 
other  hand  high  margins  of  safety  were  difficult  to  achieve  in  design  because 
(I)  high-strength  steel  was  needed  to  obtain  beams  of  suitable  siae  and  pro 
portions  for  the  testing  equipment  available,  and  121  it  was  desirable  to  keep 
the  steel  arrangement  simple,  that  is.  no  hooked  bars  and  no  extra  bars  near 
the  support. 

The  conditions  of  loading  and  restraint  were  such  that  the  longitudinal 
reinforcement  was  subjected  to  normal  pressure  at  the  support,  and  it  was 
supposed  that  the  bond  resistance  of  the  beam  was  increased  by  the  normal 
pressure.  Tests  performed  under  contract  with  Iowa  State  University”  mdi 
cated  that  boi  J  resistance  is  increased  by  normal  pressure  and.  also,  that  the 
presence  of  stirrups  at  the  support  improves  bond  resistance.  The  effect  of 
normal  pressure  and  stirrups  was  then  considered  in  estimating  the  margin  of 
safety  in  bond 

The  pull-out  tests  were  funded  by  NAVP  AC  under  Work  Unit 
Y-F0H-05-04-002. 

Dynamic  Testing  of  Materials 

The  NCEL  dynamic  materials  testing  machine*1  wes  used  to  test  a 
variety  of  steel  and  concrete  specimens  at  various  controlled  head  velocities. 
Without  the  booster,  the  machine  has  a  maximum  static  capacity  of  50,000 
pounds  and  can  be  operated  at  head  velocities  up  to  1 5  in7nc.  The  piston 
stroke  is  4  inches.  Using  the  booster,  the  heed  velocity  can  be  increased  to 
30  In./SK.  and  the  static  load  capacity  can  be  increased  to  80.000  pounds. 

The  piston  stroke  at  the  higher  velocity  is  0.75  inch,  the  head  velocity  will 
reduce  to  15  mVsec  for  the  rema  nder  of  the  4-mch  stroke.  For  typical 
specimens  of  reinforcing  steel,  the  maximum  strain  rate  that  can  be  obtained 
isebout2m/in/sec. 

Dynamic  tests  were  conducted  on  a  specially  fabncatud  chrome-alloy 
high-strength  reinforcing  steel.*’  four  grades  of  typical  reinforcing  steel,** 
and  annealed  plain  wires.**  The  four  grades  of  typical  reinforcing  steel  were 
ASTM  intermediate  grade  At5.  hard  grade  A15,  high-strength  A432,  and 
high-strength  A431  The  reinforcing  bar  specimens  had  their  deformations 
machined  off.  The  specimens  were  tested  at  various  strain  rates  from  about 
0  002  to  about  2  in  /in  /sec,  and  plots  were  made  of  increase  in  yield  strength 
with  respect  to  strain  rate.  In  the  tests  on  9gage  wire  with  static  yield  strength 
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of  36,000  Ib/sq  in ,  a  strain  rate  of  2  5  in  /in  /sec  was  obtained,  and  tbe  yield 
strength  was  nearly  doubled  at  that  rate  Tests  on  other  wire  are  reported  in 
Appendix  A  of  this  report. 

Dynamic  compression  tests  and  dynamic  tensile  splitting  tests  were 
conducted  on  circular  cylinders  made  of  Portland  cement  concrete.24  A 
medium-  and  a  high-strength  mix  were  used,  and  specimens  of  each  mix  v*re 
tested  at  two  ages,  28  and  49  days.  The  compression  tests  were  performed  at 
strain  rates  from  about  0  001  'o  1  m./m  /sec,  and  the  tension  tests  were  per¬ 
formed  at  strain  rates  from  about  0  0004  to  about  0  2  in. /in, /sec.  Plots  were 
made  of  increase  in  strength  with  respect  to  strain  rate  and  also  with  respect 
to  stress  rate  Dynamic  tests  on  another  concrete  mix  are  reported  in 
Appendix  A  of  this  report 

Dynamic  compression  tests  also  were  performed  on  reinforced  concrete 
rectangular  prisms  n  The  test  members  were  planar  concrete  panels  reinforced 
with  a  single  layer  of  square-meshed  welded-wire  fabric.  Several  combinations 
of  panel  thickness,  reinforcmg-wire  diameter,  and  mesh  sue  were  investigated, 
as  well  as  two  concrete  strengths.  A  single  rate  of  compressive  stress  (100,000 
psi/sec)  was  applied 

The  tests  on  rectangular  concrete  prisms  were  funded  by  NAVFAC 
under  Work  Unit  Y-F01 1-054)4-002.  The  other  testing  of  materials  was  funded 
by  OASA  under  Subtask  SC3318. 

Modal  Analysis 

A  modal  analysis  of  the  elastic  response  of  a  simply  supported  baam 
under  a  uniformly  distributed  load  was  made  (1)  to  determine  the  influence 
of  the  dynamic  parameters  (peak  load,  load  duration,  end  damping)  on  the 
transient  venation  in  shear  and  moment-shear  ratio  along  the  span,  and  (2)  to 
develop  a  dynamic  response  chart  for  quickly  determining  the  maximum  drear 
forces  a  beam  must  resist  to  fail  in  flexure.  Exact  solutions  for  the  transient 
venation  in  shear  and  moment  at  any  point  along  the  beam  were  developed 
and  compared  with  approximate  solutions.  From  t*-a  approximate  solutions, 
a  chart  for  the  maximum  dynamic  shear  factor  at  the  supports  wee  developed 
for  various  ratios  of  peak  load  to  dynamic  yield  resistance  end  load  duration 
to  fundamental  penod  of  vibration  Figure  4  is  the  chart  for  the  maximum 
shear  at  the  supports,  and  Figure  5  is  a  plot  showing  the  exact  solution  for 
the  elastic  case  and  a  ratio  of  load  duration  to  natural  period.  T/T„,  equal 
to  6.  The  model  analysis  is  discussed  in  Appendix  G  of  Reference  14 
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Figure  4.  Chert  for  predicting  the  maeimumdieer  at  the  aipporo  of*  limply 
supported  brem  under  uniformly  dittrfeuted  dynomic  lood. 

Series  0  Boom  Tetti 

Th«  Str ios  D  beam  tests  weft  reported  in  NCEL  Technical  Report 
R-395,  Oynemic  Sheer  Strength  of  Reinforced  Concrete  Beems— Part  I  M 
AM  rune  beams  designated  Series  0  contained  vertical  stirrups  made  from 
heat'treeted  no  2  reinforcing  bars  which  were  uniformly  spaced  in  the 
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vicinity  of  the  critical  section  The  beams  were  simply  supported  and  subjected 
to  uniformly  distributed  loads,  three  were  loaded  statically  and  six  dynamically 
Major  variables  in  the  experiment  plan  were  stirrup  spacing,  peak  load,  load 
duration,  and  rate  of  loading  The  proportions  and  static  material  properties 
are  given  in  Table  1  Ratios  of  peak  load  to  static  flexural  resistance  varied 
from  0  535  to  0  943,  and  ratios  of  effective  load  duration  to  natural  period 
of  vibration  varied  from  1  4  to  21  2 


Figure  8.  Oyiwmc  ihrer  factor  «t  th«  lupport*  of «  amply  supported  brem 
under  uniformly  dutributod  dynamic  load  with  T/T„  ■  6. 


One  statically  loaded  beam  suffered  a  premature  bond  failure,  *11  the 
other  beams  failed  in  flexure  after  shear  yielding  In  all  the  beams,  shear  cracks 
extended  up  to  or  beyond  the  compression  reinforcement  as  can  be  seen  in 
Figures  6  and  7  Evaluation  of  the  data  produced  these  findings 

1  The  maximum  dynamic  shear  at  the  supports  was  greater  than  the 
shear  produced  by  the  same  peak  load  applied  statically  and  increased 
with  peak  load  and  load  duration 


I 


Figure  6.  Post  test  photograph  of  statically  loedfltf  Series  D  beams 


Figure  7  Post  test  photograph  of  dynamically  loaded  Senes  0  beams 
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2  The  shear  at  the  support  did  not  increase  after  yielding  of  the 
tension  roinforcement  at  midspan 

3.  Strains  m  the  stirrups  were  small  until  shear  cracking  occurred  at 
which  time  there  was  a  pronounced  increase  in  rate  of  straining  in 
stirrups  located  near  the  shear  crack 

4  The  pattern  of  shear  cracks  and  the  location  of  the  critical  diagonal  i 

tension  crack  were  about  the  same  in  all  of  the  beams. 

5  The  maximum  strain  rates  in  stirrups  in  the  vicinity  of  the  shear 
crack  were  greater  than  the  maximum  strain  rates  in  longitudinal 
tension  steel  at  midspan 

6.  Flexural  failures  occurred  at  midspan  under  static  and  dynamic  » 

loads. 

7  The  shears  at  the  supports  corresponding  to  shear  cracking  and 
shear  yielding  were  greater  under  dynamic  load  than  under  static 
load 

The  following  conclusions  were  based  mainly  on  the  comparison  of  I  0 

test  data  with  data  calculated  using  the  modal  analysis  equations  and  modi* 
tied  versions  of  Equations  3  and  4 

t.  The  modal  analysis  is  satisfactory  for  predicting  shears  at  supports. 

2  The  static  shear  and  moment  distributions  can  be  used  in  the 

dynamic  analysis  of  shear  without  causing  significant  error.  I 

3  Yielding  at  midspan  prevents  or  retards  further  increase  in  shear 
at  the  support 

4.  Prior  to  shear  cracking,  practically  all  of  the  diagonal  tension  is 
resisted  by  the  concrete 

5.  The  location  of  the  shear  crack  is  influenced  very  little  by  loading  * 

rate  and  stirrup  spacing. 

6  The  AC  I  provisions  for  shear  are  very  conservative  when  applied  to 
dynamic  loading. 

Stries  E  Beam  Tests  , 

The  Senes  E  beam  tests  were  reported  in  NCEL  Technical  Report 
R  602,  Dynamic  Shear  Strength  of  Reinforced  Concrete  Beams— Part  II  23 
Appendix  A  of  that  report  contains  equations  for  computing  the  distance 
from  the  support  to  the  critical  section  and  the  shear  moment  ratio  at  the 
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critical  section  Thera  is  a  discussion  in  Appendix  B  of  the  same  report 
about  the  tests  that  determined  the  static  and  dynamic  strength  properties 
of  the  materials  in  the  beams 

The  variable  parameters  in  the  experiment  plan  were  r3te  of  loading, 
peak  load,  and  stirrup  spacing  All  15  beams  were  doubly  reinforced,  simply 
supported,  and  subjected  to  uniformly  distributed  loads  Three  beams  had 
no  web  reinforcerrv  nt  in  the  vicinity  of  the  critical  section,  all  the  others 
had  vertical  stirrups  made  from  9  gage  annealed  plain  wire  The  stirrups 
were  spaced  uniformly  in  the  vicinity  of  the  critical  section  Long-duration 
dynamic  loads  were  applied  to  eight  beams,  and  static  loads  were  applied 
to  the  other  seven  beams.  The  proportions  and  static  material  properties 
are  given  in  Table  1 

Four  different  modes  of  failure  occurred  in  the  Series  E  tests. 

They  were  ductile  flexure,  diagonal  tension  retarded  by  dowel  action, 
shear  compression  with  yielding  of  stirrups,  and  shear-compression  without 
yieldu  g  of  stirrups  Under  static  loasls,  the  beams  without  stirrups  failed  in 
diagonal  tension  retarded  by  dowel  action,  those  with  the  larger  stirrup 
spacing  failed  in  shear  compression  with  yielding  of  the  stirrups,  and  those 
with  the  smaller  stirrup  spacing  failed  >n  flexure.  Under  long-duration 
dynamic  loads  with  the  lower  peak  load,  the  beam  without  stirrups  failed 
in  diagonal  tension  retarded  by  dowel  action,  and  those  with  stirrups  (both 
spacings)  failed  in  shear-compression  without  yielding  of  *he  stirrups.  On 
the  Other  hand,  under  long-Juration  dynamic  loads  with  the  higher  peak 
load,  heams  with  stirrups  (both  spacings)  failed  in  shear- compression  with 
yielding  of  the  stirrups  Thus,  differences  in  mode  of  failure  were  brought 
about  by  changes  in  each  of  the  varied  parameters — rate  of  loading,  peak 
load,  and  stirrup  spacing 

Comparisons  of  various  measured  strains  indicated  that  several  beams 
had  nearly  equal  probability  of  failing  in  shear  or  flexure  This  is  also  evident 
in  the  full  development  of  both  shear  and  flexure  cracks.  Figures  8. 9,  end  10 
are  post  test  photographs  of  the  beams. 

One  of  the  objectives  of  the  Series  E  tests  was  to  determine  whether 
or  not  the  AC!  provisions  could  be  modified  to  apply  to  dynamic  loading 
The  usable  ultimate  shear  strength.  vM,  as  defined  by  Equations  3  and  4  was 
expressed  as  shown  in  Equations  8  and  9  assuming  a  capacity  reduction  fac¬ 
tor,  #,  of  unity  for  experimental  purposes  and  adding  coefficients  C,  and  C2 
for  the  increases  under  d,  namic  loading  in  concrete  tensile  strength  and 
st  rrup  yield  strength 

^  W  *  1-9C*  0.5C,  V»T  «» 
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V  y  r7 

vu  *  —  •  vc  +  C2(s»na  +  cos  a)  — g  ■  •  <  IOC,  V*c  (9) 

The  coefficients,  C,  and  C2.  were  unity  for  statically  loaded  beams  and 
increased  with  increasing  strain  rate  In  general,  correlation  was  very 
good  between  test  results  and  data  computed  with  the  use  of  the  equations 
After  studying  these  results,  a  capacity  reduction  factor,  0,  of  0  85  was  con¬ 
sidered  adequate  for  design  in  both  the  dynamic  and  static  cases  However, 
the  upper  limit  (10C,  V? J)  in  Equation  9  was  found  to  be  unconservative 
This  can  be  seen  in  the  tendency  under  dynamic  load  toward  shear-compression 
failures  without  yielding  of  stirrups  and  toward  relatively  small  energy  absorp¬ 
tion  capacities  after  shear  yielding.  Therefore,  it  was  recommended  that  no 
increase  be  allowed  in  that  limit  Furthermore,  it  was  conjectured  that  a  safe 
limit  might  be  slightly  less  than  loyiT  Note  that  in  Reference  12  the  ACI- 
ASCE  Joint  Committee  326  originally  recommended  a  limit  of  8\/fJ  for 
rectangular  beams  and  10^?^ for  T-beams.  It  appears,  then,  that  the  ACI 
formulascan  be  modified  to  include  dynamic  loading  as  follows 

v«  -  ^  -  ♦(!.«.  V*T>  2.500^)  <16 (101 

Vu  A,f„ 

*»  "  *  v,  +  *Cj(i1na  +  etna)  bj~  (11) 

<  8#  (rectangular  beams)  (11a) 

v„  <  (T  beams)  (11b) 

The  conclusions  drawn  from  the  Series  E  tests  are  summarised  below 

1  The  shear,  moment,  shear  strength,  and  flexural  strength  all  increase 
under  dynamic  load  with  respect  to  the  same  load  applied  statically  Both  the 
shear  strength  contributions  from  the  concrete  and  the  web  reinforcement 

•crease. 

2  The  shear  and  moment  increase  in  about  the  same  proportions 
with  respect  to  the  loading  rate. 

3  The  usable  shear  strength  and  the  flexural  strength  increase  in 
different  proportions.  Furthermore,  the  contributions  to  the  usable  shear 
strength  from  the  concrete  and  the  web  reinforcement  increase  in  different 
proportions,  depending  mainly  on  the  material  used  for  stirrups  and  the  rate 
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of  straw  in  the  stirrups  Therefore,  the  mass  of  thf*  beam  and  the  characteristics 
of  the  dynamic  load  influence  the  relative  increases  in  the  flexural  strength,  shear 
strength  from  the  concrete,  and  shear  strength  from  stirrups 

4  The  additional  shear  resistance  beyond  shear  yielding  tends  to  be 
less  under  dynamic  than  under  static  loading  Thus,  in  general,  dynamic  shear 
failures  tend  to  be  more  bnt'le  than  static  failures. 

5  A  beam  containing  adequate  web  reinforcement  to  force  flexural 
failure  under  static  conditions  might  not  have  sufficient  web  reinforcement 
to  force  flexural  failure  under  dynamic  conditions 

6  It  is  possible  for  a  beam  to  fail  in  flexure  after  the  usable  ultimate 
shear  resistance  has  been  exceeded  In  other  words,  the  additional  shear 
resistance  beyond  yielding  in  shear  might  be  enough  to  force  flexural  failure 

7  In  beams  which  fail  in  diagonal  tension,  collapse  might  be  retarded 
or  prevented  by  dowel  action 

8  If  failure  occurs  after  yielding  of  the  web  reinforcement  under 
static  loading,  it  might  occur  before  yielding  of  web  reinforcement  under 
dynamic  loading  This  difference  in  behavior  under  dynamic  loading  is  due 
primarily  to  the  increase  m  stirrup  contribution  which  migh*  not  be  accom- 
pa  ned  by  a  comparable  increase  in  the  flexural  capacity  of  the  cross  section 
reduced  by  propagation  of  the  diagonal  tension  crack  Thus,  shear -compression 
failures  can  occur  m  the  high  shear  zone  when  the  ratio  of  moment  to  moment 
resistance  becomes  greater  in  the  region  of  high  shear  than  in  the  region  of 
high  moment 

Q  In  beams  with  web  reinforcement,  the  critical  diagonal  tension 
crack  upon  yielding  in  shear  might  be  a  different  crack  from  the  one  which 
was  critical  upon  shear  cracking 

10  The  location  of  the  critica*  section  is  predictable  using  the  method 
given  in  Appendix  A  of  the  report  71 

1 1  The  locahon  of  the  critical  section  docs  not  change  much  with 
change  in  loadmq  rate  and  stirrup  spacing 

12  The  shear  and  moment  distributions  along  the  span  are  a  function 
of  position  and  time  under  dynamic  loads  However,  th*'  difference  between 
these  distributions  for  static  and  dynam.c  conditions  was  small  therefore 

the  static  distributions  can  be  used  in  designing  beams  of  normal  proportions 
to  withstand  dynamic  loads. 
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f  tjuf*  #  Po»i  i«»  photogr joh  of  statically  loaded  beams  WE  1  throw**  WE !  1 
end  dynamically  loaded  beam  WE  12 


Figure  10  Fott-tett  Photograph  ot  statically  loaded  beemsOEl  ind  0E3and  a 

dynanucelly  loaded  baam  062. 

13  The  usable  ultimate  shear  resistance  was  predicted  satisfactorily 
by  the  ACI-ASCE  Committee  326  formula  as  modified  by  Keenan  and  Seabold 
The  capacity  reduction  factor,  p,  value  of  0  85  is  adequate  for  dynamic  and 

static  loadings.  9 

14.  Stirrups  were  effective  having  areas  less  than  areas  required  by  the 
ACI  Building  Code,” 

15  The  chart  developed  from  the  modal  analysis  was  adequate  for 
predicting  the  maaimum  shearing  force  at  the  supports. 

It  was  emphesqed  m  the  report  that  the  strain  rates  needed  for  9 

determining  the  dynamic  increase  coefficients,  C,  and  Cj.  were  measured 
during  the  test  in  the  beams,  the  rates  were  not  predicted- 

Series  H  and  Series  l  Beam  Tests 

To  study  tt*  ef fectiveness  of  different  types  o'  welded-wire  fabric  • 

reinforcement  in  thin-webbed  I-beams,  two  groups  of  five  beams  each  were 
tested  One  group,  designated  Senes  L,  was  reinforced  with  a  relatively  light 
fabric,  the  other  group,  designated  Series  H,  was  reinforced  with  heavier  fabric 
The  proportions  and  static  material  properties  of  the  I-beams  are  given  in 
Table  ?  For  each  of  the  groups  of  beams,  one  beam  was  subiacted  to  a  urn 

formly  distributed  static  load  and  four  beams  were  subiected  to  a  uniformly  • 

distributed  dynamic  load  The  dynamic  loads  were  essentially  step  pulses 
with  short  rise  times  and  long  durations.  The  magnitude  of  the  step  pulse 
varied  wnhm  each  group  of  beam  tests. 
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The  tests  were  reported  in  NCEl  Technical  Report  R  534,  Dynamic 
Shear  Resistance  of  Thm-Webbed  Reinforced  Concrete  Beams.**  The  results 
of  dynamic  and  static  tension  tests  on  the  welded-wire  fabric  are  given  in 
Appendix  A  of  that  report,  and  Appendix  B  presents  the  development  of 
theory  for  dynamic  diagonal  tension  resistance  The  theory  is  not  limited 
to  i  beams. 

The  longitudinal  tension  steel  yielded  at  midspan  in  all  of  the  beams 
After  that,  three  beams  failed  in  shear,  two  failed  in  flexure,  and  there  was 
insufficient  load  to  fail  the  other  five  beams  Figures  1 1  and  12  are  post¬ 
test  photographs  of  the  beams  The  cracks  that  can  be  seen  in  Figure  1 1 
indicate  that  the  Series  H  beams,  containing  the  heavier  web  reinforcement, 
**re  flexure  sensitive.  On  the  other  hand,  the  cracks  shown  in  Figure  12 
indicate  that  the  Senes  l  beams,  containing  the  lighter  web  reinforcement, 
were  shear  sensitive  The  resistance  upon  shear  cracking  was  approximately 
as  predicted  by  the  theory,  but  the  ultimate  shearing  resistance  was  under¬ 
estimated.  The  heavier  welded  wire  fabric  was  effective  in  carrying  shearing 
forces  after  shear  cracking,  but  the  effectiveness  of  the  lighter  fabric  was 
doubtful.  In  the  beams  with  lighter  fabric,  shear  resistance  after  cracking 
in  shear  might  have  been  due  largely  to  the  flanges,  especially  the  longitu¬ 
dinal  reinforcement. 

In  general,  the  I-beams  behaved  similarly  to  the  rectangular  beams 
of  Series  A  through  Senes  E.  and  the  conclusions  were  about  the  same. 

There  were  three  conclusions  which  deserve  special  notice  here. 

1.  It  is  not  necessary  to  limit  the  yield  strength  of  web  reinforcement 
to  60,000  psi  «s  specified  m  the  ACI  Building  Code  u 

2.  The  10^/f f  limitation  on  ultimate  usable  shear  strength  should  be 
maintained  and  no  dynamic  increase  allowed 

3.  The  theory  successfully  provided  the  means  of  estimating  the 
diagonal  tension  stress  rate  needed  for  determining  the  dynamic 
increase  coefficient.  C|,  for  concrete  in  tension 

A  method  wes  not  developed  for  estimating  the  strain  rates  in  web 
reinforcement,  rates  which  are  needed  for  determining  the  dynamic  increase 
coefficient,  Cj,  for  tension  m  stirrups 

The  I-beam  tests  were  funded  by  NAVFAC  under  Work  Unit 
Y-F011  -05-04-002 
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Fffurt  1 1  Post-tast  photograph  of  Sana*  H  baami 


THEORY 

Concept  of  Ductility  Along  the  Span 

It  was  pointed  out  m  the  Background  and  Definitions  that  there  are 
several  types  of  design  criteria,  and  some  of  these  might  be  -uperimposed 
over  others  Ductility  through  underreinforcing  is  considered  the  primary 
one  Next,  allowable  strain  criteria  must  be  superimposed,  and  last,  limita* 
tions  on  motion  parameters  such  as  deflection  must  be  superimposed  The 


Figure  12.  Po*t  t«t  photograph  of  Stritt  L  baamt. 


concepts  of  ductile  yielding  and  ductile  failure  were  extended  to  shear  as 
well  as  flexure  and  to  dynamic  as  well  as  static  loadings,  and  specific  limits 
were  expressed  m  terms  of  strain  Now.  the  concept  of  under  reinforcing 
must  be  extended  to  all  points  along  the  beam,  not  just  to  the  critical 
flexural  section 

First,  consider  just  the  static  flexural  behavior  of  a  uniformly  loaded 
prismatic  beam  on  simple  supports  The  critical  section  in  flexure  is  at  mid¬ 
span  For  that  section,  the  compressive  strain  in  the  remote  fiber  of  the 


concrete  can  be  plotted  with  respect  to  the  tensile  strain  in  the  longitudinal 
tension  reinforcement  as  shown  in  Figure  13.  The  limiting  strains  (ecv,  e^. 

«*,  and  defining  yielding  and  failure  of  the  two  materials  divide  the  plot 
into  six  Tones.  Zones  1  and  2  represent  the  elastic  region,  and  zones  5  and  6 
represent  the  inelastic  region  Zones  3  and  4  are  transition  zones  where  one 
material  is  elastic  and  the  other  is  not,  for  practical  purposes,  these  are  also 
considered  inelastic  zones  If  the  beam  is  underremforced,  the  concrete-steel 
strain  relationship  will  plot  as  shown  in  the  figure  linearly  through  zone  2  as 
the  load  is  slowly  increased.  Ductile  yielding  occurs  when  the  yield  strain  of 
the  steel.  is  reached  and  the  plotted  line  passes  into  zone  4.  The  line  curves 
in  zone  4  because  the  neutral  axis  changes  in  the  beam  with  increase  in  load 
The  sequence  of  events  leading  to  failure  has  three  alternatives  as  shown  by 
the  solid  line  and  two  dashed  lines  Failure  can  occur  by  crushing  of  the  con¬ 
crete  or  by  failure  of  the  steel  either  with  or  without  yielding  of  the  concrete 
If  the  beam  was  overrem forced,  the  function  would  plot  in  zones  1  and  3  and 
maybe  into  zones  5  and  6.  Ideally,  the  function  of  a  balanced  beam  would 
plot  up  the  boundary  of  zones  1  and  2  to  the  balance  point  which  is  one 
point  common  to  all  zones. 


Figure  13.  Plot  ductile.  ftexurti  behavior  et  mfchpen. 


Next,  consider  the  same  conditions,  but  at  the  shear-compression  zone 
instead  of  at  midspan  The  plot  m  Figure  14  is  similar  to  tha  one  in  Figure  13 
except  that  it  is  for  the  shear  compression  zone  If  the  beam  is  underremforced. 
the  function  plots  linearly  in  zone  2  as  the  load  is  slowly  increased  until  shear 
cracking  occurs  at  point  1  in  the  plot  The  line  changes  slope  upon  cracking 
and  continues  to  change  slowly  as  the  load  increases.  At  point  2.  the  stirrups 
begin  to  yield,  and  the  line  curves  more  rapidly  upward  as  the  crack  progresses 
upward  in  the  beam  and  the  area  of  concrete  acting  «n  compression  is  greatly 
reduced.  If  stability  of  the  section  ;$  maintained,  the  concrete  will  yield 
(point  3),  perhaps  the  steel  will  yield  (point  4).  and  failura  will  occur  by 
crushing  of  the  concrete  (point  5) 
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the  eiear-compfewon  loo*. 

The  line  in  Figure  14  is  but  one  example  In  another  instance,  the 
numbert  J  events  (points  in  the  plot)  might  occur  in  different  zones,  in  a 
different  sequence,  and  some  of  them  might  not  occur  at  all  Failure  can 
occur  prematurely  if  the  beam  becomes  unstable  For  example,  it  coo'd 
fail  in  diagonal  tension  at  event  1  if  the  stirrups  and  dowel  resistance  are 
insufficient,  in  diagonal  tension  retarded  by  dowel  action  at  event  2  or  4, 
or  in  shear-compression  at  any  time  when  the  gradient  of  the  function 
approaches  infinity.  The  sequence  of  events  indicates  ductility  in  shear, 
and  the  relationship  of  the  line  to  the  balance  point  indicates  ductility  in 
flexure,  both  at  the  shear-compression  zone.  If  the  functions  of  Figures  13 
and  14  were  on  the  same  pk>*.  direct  comparisons  could  be  made  between 
sections  (locations)  as  well  as  between  types  of  behavior  (shear  and  flexure). 
Families  of  curves  representing  various  sections  along  the  span  can  be  gener¬ 
ated  to  study  the  effect  of  shear  behavior  on  flexural  ductility  along  the  span 
and  to  determine  where  the  critical  sections  are.  In  addition,  plots  for  the 
static  and  dynamic  cases  can  be  overlaid  for  comparison 

The  concept  is  illustrated  in  tha  hypothetical  example  plotted  in 
F  gure  15.  One  line  represents  the  midspan  location,  and  the  other  repre¬ 
sents  the  sheer-compression  zone  The  numbered  events  are 

1.  Shear  cracking 

2.  Yielding  of  the  tension  steel  at  midspan 

3.  Yielding  of  stirrups 

4.  Yielding  of  the  concrete  at  midspan 

5  Yielding  of  the  concrete  at  the  shear-compression  zone 

6.  Failure  of  the  concrete  at  midspan 
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Events  are  numbered  on  both  curves  so  that  the  critical  points  on  one  curve 
can  be  compared  with  corresponding  points  on  the  other  This  order  of  events 
appears  to  satisfy  the  failure  and  design  criteria  discussed  in  thp  Introduction 
This  beam  could  be  utilized  in  the  elastic  and  inelastic  regions  of  response, 
and  if  failure  did  occur,  it  would  be  at  midspan  in  the  ductile  flexure  mode 
If  the  load  caused  the  steel  at  midspan  to  approach  yielding  (event  2),  shear 
cracks  would  exist,  but  the  stirrups  would  be  elastic  and  flexural  response 
at  both  sections  would  be  ductile  and  elastic  (zone  2)  If  the  load  were 
increased  until  a  stirrup  approached  yielding  (event  3),  the  shear  and  flexural 
responses  at  the  shear-compression  zone  remain  ductile  and  elastic,  but  the 
tension  steel  at  midspar,  has  yielded  (zone  4)  This  might  be  good  criteria 
for  the  allowable  load  carrying  capacity  of  military  structures  which  must 
continue  functioning  after  a  load  exceeding  normal  service  loads  nas  been 
applied  For  greater  economy  (and  less  safety),  the  load  could  be  permitted 
to  increase  until  the  concrete  at  the  remote  fiber  at  midspan  approaches 
yielding  (event  4)  Over  this  interval  the  stirrups  have  yielded  and  the  shear- 
compression  zone  has  become  overreinforced  (zone  1 )  If  underremforcmg 
is  to  be  maintained  over  the  entire  span  length,  this  beam  is  unsatisfactory 
for  a  load-carrying  capacity  corresponding  to  event  4  The  design  could  be 
improved  by  adding  sufficient  web  reinforcement  to  cause  the  line  in  the 
figure  to  pass  through  the  balance  point  thus  bringing  point  4  back  into 
zone  2.  (See  the  dashed  line  in  the  figure  )  This  should  not  be  done  by 
inclining  the  web  reinforcement,  which  has  the  effect  of  lengthening  line 
segment  1b-3  (which  is  good)  and  increasing  the  slope  of  that  segment 
(wh.ch  is  bad)  Inclining  stirrups  might  force  events  3  and  4  into  zone  3, 
causing  extreme  brittle  behavior  and  perhaps  shear  failure.  Designing  beams 
to  respond  in  zones  5  and  6  is  not  considered  practical.  However,  it  is  desire- 
able  to  proportion  beams  with  the  largest  possible  energy  absorbing  capacities 
when  they  are  to  function  in  atomic  shelters  where  economy  is  important, 
collapse  is  to  be  avoided,  and  large  deflections  can  be  permitted  The  full 
energy-absorbing  capacity  of  both  materials  at  midspan  can  be  utilized  if 
event  6  can  be  made  to  coincide  with  point  A  in  the  figure  This  most 
easily  can  be  accomplished  in  the  design  by  selecting  a  suitable  value  of 
the  steel  ratio,  p  Experience  has  shown  that  p  values  of  dboot  0  02  provide 
maximum  energy-absorbing  capacity  Larger  values  tend  to  cause  failure 
through  zone  5.  and  smaller  ones  through  zones  6  or  4 

The  plot  for  a  dynamically  loaded  beam  would  contain  the  same  six 
zones,  but  the  boundaries  of  the  zones  would  be  the  dynamic  rather  than 
static  limit  strains  In  general,  this  difference,  by  changing  the  position  of 
the  balance  point,  makes  t  more  difficult  to  maintain  ductile  behavior  in 
flexure  at  the  shear  compression  zone. 
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Figure  IS  Plot  showing  ductility  at  midspen  end  sheer -corrprfssion  rone 


General  Approach  to  Design 

Beams  for  use  in  atomic  defense  protective  construction  usually  must 
be  designed  to  carry  static  service  loads  without  yielding  and  dynamic  over¬ 
loads  without  exceeding  designated  strains  or  motions  The  beams  should  be 
designed  to  behave  similarly  to  the  example  in  Figure  15,  and  event  2  should 
be  used  as  the  criteria  with  regard  to  static  loads.  With  regard  to  dynamic 
loads,  event  3  might  be  used  for  command  posts,  event  4  for  personnel  shel¬ 
ters.  event  5  for  equipment  shelters,  and  event  6  for  unoccupied  structures 
Such  beams  could  be  designed  using  this  general  approach 

1  Design  for  static  service  loads  in  flexure  ai  midspan  proportioning 
for  maximum  strain  energy  capacity  in  case  of  overload  and  in 
shear  at  the  critical  section  and  shear  compression  zone  propor 
honing  for  adequate  flexural  ductility  in  case  of  overload 

2  Analyze  for  dynamic  overloads  for  flexure  at  midspan,  for  shear 
at  the  critical  section,  and  for  shear  and  flexure  at  the  shear- 
compression  zone. 

3  If  necessary,  revise  the  design  and  repeat  the  analysis. 

If  the  design  is  inadequate  in  shear  only,  these  changes  singly  or  in 
combination  would  be  best 

1  Decrease  the  stirrup  spacing,  s 

2  Increase  the  stirrup  area,  Av 

3  Increase  the  stirrup  yield  strength, 
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The  first  is  best  for  small  adjustments,  the  second  for  larger  adjustments,  and 
the  third  for  the  largest  Increasing  the  concrete  strength,  f'.  increases  the 
shear  resistance,  but  it  influences  the  flexural  resistance  too  Increasing  the 
steel  ratio,  p,  to  increase  shear  resistance  should  be  used  only  as  a  last  resort, 
because  it  has  a  large  effect  on  the  flexural  resistance  and  the  energy  absorbing 
capacity,  an  effect  which  might  not  be  advantageous 

If  the  design  is  slightly  inadequate  in  flexure,  appropriate  changes 
should  be  made  and  the  analysis  repeated  I  f  the  design  is  grossly  inadequate 
in  flexure,  the  beam  should  be  designed  for  the  dynamic  loads  using  approx 
imate  methods  and  then  analyzed  using  more  precise  methods  In  either  case, 
a  preliminary  design  must  be  done  first,  and  then  analyzed 

If  the  preliminary  oesign  is  not  evolved  by  normal  static  design 
procedures,  the  flexural  aspects  of  the  design  can  be  accomplished  by  employ¬ 
ing  dynamic  design  aids  in  the  form  of  charts,  graphs,  and  tabulated  data  Such 
aids  are  available  in  References  2.  4,  and  5.  The  charts  in  NCEL  Technical 
Report  R-121,  Oesign  Charts  for  R/C  Beams  Subjected  to  Blast  Loads27  are 
probably  the  most  rapid  means  available.  In  conjunction  with  these  methods, 
the  shear  aspects  of  the  design  can  be  accomplished  by  employing  the  chart 
in  Figure  4  to  determine  the  maximum  shear  at  the  supports  and  Equations 
10  and  1 1  to  determine  the  minimum  amount  of  web  reinforcement. 

General  Approach  to  Analysis 

Equivalent  Dynamic  Systam.  Beams  hive  an  infinite  number  of 
degrees  of  freedom,  mathematical  analysis  is  possible  for  structural  systems 
having  only  limited  degrees  of  freedom,  and  solutions  become  exceedingly 
tedious  with  only  a  few  degrees.  It  is  recognized  that  practical  solutions 
can  be  obtained  easiest  by  modeling  the  actual  structural  system  with  a 
smyle-degree-of- freedom  system  called  an  equivalent  dynamic  system  The 
solutions  obtained  by  using  equivalent  dynamic  systems,  then,  are  approx¬ 
imate  and  not  exact 

The  kinetic  energy,  strain  energy,  and  work  done  by  external  loads 
for  the  equivalent  system  are  equivalent  at  all  times  to  the  corresponding 
total  energies  for  the  actual  system  The  displacement,  velocity,  and  accel¬ 
eration  of  the  equivalent  system  are  at  all  times  equal  to  those  motions  at 
one  preselected  section  along  the  span  of  the  actual  system.  Midspan  is  the 
section  selected  for  modeling  in  this  theory  for  reinforced  concrete  beams. 

Methods  for  Solving  Equations  of  Motion.  General  methods  that 
can  be  used  for  solving  equations  of  motion  are  classical  methods,  graphical 
methods,  and  numerical  integration  The  advantages  and  disadvantages  of 
each  method  are  discussed  in  Appendix  B  of  Reference  4  Single  versus 
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multi  degrees  of  freedom  systems  and  equivalent  dynamic  systems  also  are 
discussed  them  Numerical  integration  of  a  single  degree-of  freedom  equiv¬ 
alent  dynamic  system  is  the  general  method  selected  for  this  theory  for 
reinforced  concrete  beams.  The  advantayi'S  of  the  method  are  discussed  in 
Reference  28 

Flexure-Shear- Bond  Integrated  Analysis.  If  numerical  integration  is 
used,  the  analysis  of  flexure,  shear,  and  bund,  and  checks  for  deflection, 
velocity,  and  acceleration  need  not  be  divorced  They  can  be  combined  into 
one  integrated  analysis  that  follows  the  behavior  of  the  reinforced  concrete 
beam  through  the  elastic  and  inoiast'C  ranges  in  flexure  and  the  uncracked 
and  cracked  ranges  in  shear  For  each  increment  of  time,  At,  deflections, 
accelerations,  velocities,  and  strains  can  be  compared  with  allowable,  yield, 
or  ultimate  values  at  midspan,  the  critical  section,  the  shear  compression 
zone,  and  the  face  of  the  support  to  predict  events  representing  changes  in 
behavior  in  flexure,  shear,  and  bond  A!l  of  the  events  referred  to  in  the 
concept  of  ductility  along  the  span  (Figure  15)  can  be  predicted  in  any 
sequence  or  zone 

Linear  Acceleration  Extrapolation  Method 

Motion  it  Midspan.  The  linear  acceleration  extrapolation  method 
was  the  specific  method  of  numerical  integration  used  in  the  computer  code 
that  generated  data  which  were  compaicd  with  measured  data  of  the  Series 
F  tests  The  procedure  had  a  constant  time  interval  and  was  self  starting 
These  characteristics  make  the  method  a  good  one  for  computer  programming 
The  recursion  formulas  are 
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P  =  loud  between  supports  fib) 

R  2  flexural  resistance  (lb) 

KLm  =  loud  mass  factor 

m  *  mass  (lb  sec2/m  ) 

At  *  time  increment  (sec) 

n  ''ycle  number  m  numerical  integration 

In  this  theory,  the  effects  of  damping  are  included,  in  part,  in  the  resisting 
function,  R,  which  is  a  function  of  velocity  as  well  as  displacement 

Shear  at  Support.  At  any  given  time  the  shear  at  the  support  can  be 
expressed  as  the  sum  of  resisting  and  forcing  functions 

V,  -  C,R  +  CpP  (15) 

where  V,  =  shear  at  the  support  (lb) 

Cf  *  resistance  coefficient 
Cp  »  load  coefficient 

Factors  and  Coefficients.  Values  of  the  factors  and  coefficients  for 
the  equivalent  dynamic  system  at  midspan  of  beams  on  simple  supports 
under  uniformly  distributed  loading  are 


Coefficient 

or 

Factor 

Value 

Elastic  Region 
of  Response 

Inelastic  Region 
of  Response 

Load-mass  factor. 

0  78 

066 

Resistance  coefficient,  Cr 

039 

038 

Load  coefficiant,  Cp 

Oil 

012 

Dynamic  Sticss  Rate  of  Concrete  in  Diagonal  Tesmon 


Fuss26  derived  an  equation  for  estimating  the  stress  rate  of  concrete 
in  diagonal  tension  in  reinforced  concrete  beams  on  simple  supports  and 
subiected  to  uniformly  distributed  dynamic  loads 


2.5 


w0(L-2xc)Q 

1„b’Tn 


(16) 


where 


f,  *  stress  rate  of  concrete  in  diaqonal  tension  (psi/sec) 
w0  *  peak  uniform  load  (Ib/in  ) 

L  =  span  length  (in  ) 

xc  *  distance  from  the  support  to  the  critical  section  for 
shear  On  > 

Q  *  statical  moment  of  the  cross  section  (in  3) 

I,  *  gross  moment  of  inertia  (in  4) 
b'  *  web  width  (in  ) 

Tft  *  natural  period  of  vibration  (sec) 


In  the  case  of  rectangular  beams. 


J°L  -  -i- 

b  lf  2b h 


where  b  ■  beam  width  (in  ) 

h  »  total  depth  of  the  beam  (in ) 


and  therefore, 


16 

4 


w0(L-  2xe) 
bh  Tn  \ 


Dynamic  Strain  Rates  in  tha  Materials 


(17) 


Approach.  The  derivations  of  equations  for  predicting  the  appruximate 
strain  rates  in  the  materials  are  summarized  here  The  approach  used  in  the 
derivations  is  to  relate  the  strain  rates  of  the  materials  at  the  critical  sections 


» 


> 


for  flexure,  diagonal  tension,  and  shear  compression  to  the  velocity  at 
midspan,  which  is  equal  to  the  velocity  cf  the  equivalent  dynamic  single 
degree  of  freedom  system 

Assumptions.  The  following  assumptions  were  made  to  simplify  the 
equations  (1 )  The  dynamic  deflected  shape  is  the  same  as  the  static  deflected 
shape.  (2)  the  strains  and  strain  rates  in  the  materials,  including  stirrups, 
are  proportional  to  the  distances  from  the  point  of  rotation  a:  the  shear 
compression  region,  and  13)  the  point  of  rotation  in  the  shear  compression 
region  is  at  the  bottom  edge  of  the  compression  steel  at  a  distance,  xu,  from 
the  support  See  the  diagrams  in  Figure  t6 
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Figure  16  Diagrams  of  load  and  strain 
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Strain  Rates  in  Stirrups.  From  the  strain  diagram  for  the  shear- 
compression  zone  (Figure  16).  it  can  be  seen  that 

.1 

t 

«* 

0  *  tan0  «  — - —  for  small  values  of  0 

I 

If 

where  0  *  unit  curvature  (rad/in  ) 

»  strain  in  stirrup  (m./m  ) 

xu  »  distance  from  the  support  to  the  point  of  rotation  (in ) 

• 

Therefore,  the  strain  in  a  stirrup  at  xe  is 

«,  ■  (x„  -  x,l  un  $  »  (xu  -  xc|# 

» 

Lot  k  .  X  .  JL 

v« 

K2 

1  y  y 

• 

•  1 

Kj  *  Xg  •  Xe 

whore  K,  •  deflection  ratio  (in  /in.) 

, 

Kj  •  curvature  ratio  (rad/in  Jl 

Kj  *  distance  over  which  stirrups  are  active  (in ) 

V  •  deflection  at  x„  (in.) 

Vg  »  deflection  at  midspan  (in  I 
y  ■  velocity  at  x„  fm./sec) 
ig  •  velocity  at  midspan  (in  /sec1 
♦  *  unit  curvetuie  et  x„  (rad/in.l 

• 

\ 

! 

♦  •  rate  of  charge  of  unit  curvature  at  x„  with  respect  to 
time  (rad/m  /sec) 

• 

1 

• 
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Then,  the  strain  rate  in 
crack  can  be  expressed 


the  outboard  stirrup  affected  by  tha  di.igonal  tension 
as  follows 


» 


€v  »  -K,K2K3yt  (18) 

where  c*  is  the  strain  rate  in  the  stirrup  in  in  /in  /sec  In  the  equaton.  the 
ratios  K,  and  K2  provide  the  transformations  from  deflection  rate  at  mid 
span  to  deflection  rate  Jt  the  shear  compression  ionc  to  curvature  rate  at 
the  shear-compression  *or>e,  and  then  the  radial  distance  K3,  provide  the 
final  transformation  to  stram  rate  at  the  critical  section  In  the  case  of 
beams  on  simple  supports  and  subjected  to  uniformly  distributed  load, 

K,  -  (x3  -  2Lx3  ♦  L3) 

5L4 

12  (x„  -  LI 

K,  ■  - - - 

x3  -  2 Lx3  ♦  L3 


Thus. 


182  xw 
5L4 


(L  -  xuMxm  -  xc)y^ 


In  making  calculations  beyond  yielding  of  a  single  stirrup,  it  is  convenient 
to  assume  that  the  strain  rate  of  the  group  of  stirrups  affected  by  the  shear 
crack  is  one  half  the  strain  rate  of  the  outboard  stirrup 

*  7  BOI 

Strain  flats*  <1  th«  Shaar  Compfmion  Zont.  The  strain  rotes  in  the 
materials  at  ttie  shear  compression  rone  con  be  expressed  in  o  similar  fashion 
as  follows 


*c  “ 

(21) 

122) 

«,  •  -*i  *C,VtW  -  d") 

(231 
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» 


where  c. 


c  *  strain  rate  in  concrete  in  compression  at  remote 
fiber  On  /in  /sec) 

e,'  *  strain  rate  in  compression  steel  {in  /in  /sec) 
e,  »  strain  rate  in  tension  steel  On  /in  /sec) 

d"  r  distance  from  the  remote  fiber  to  the  point  of 
rotation  (m ) 

r  »  radius  of  compression  bar  (in  ) 
d  •  effective  depth  of  the  beam  On  ) 


In  these  equations,  the  radial  distances  d'\  r,  and  (d  -  d")  provide  the  final 
transformations  from  curvature  rate  to  strain  rates  at  the  shear  compression 
zone  In  the  case  of  beams  on  simole  supports  and  subjected  to  uniformly 
distributed  load. 

192  x„ 

,K,k3  *  —  <L-*U> 

1241 

Strain  Ram  at  Midipan.  The  strain  rates  in  the  materials  at  midjpan 
can  be  expressed  in  a  similar  fashion  by  letting 

K.  ■  ^ 

» 

where  K4  ■  curvature  ratio  at  midspan  (rad/m  2) 

*  umt  curvature  at  midspan  (rad/m.) 

Then. 

«.  •  -Kaygc 

051 

«;  •  -K.  ytle  -  d') 

06) 

«,  •  -K«yt(d  -  c) 

07) 

wfvere  c  *  distance  from  the  neutral  axis  to  the  remote  fiber  (in  ) 

*  distance  from  the  remote  fiber  to  the  centroid  of  the 
compression  steel  (in ) 


In  the  case  of  beams  on  simple  supports  and  subjected  to  uniformly 
distributed  load, 


-k4 
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(28) 


Dynamic  Yield  Strength  of  Reinforcing  Steel 

If  the  elastic  strain  rates  and  static  yield  strengths  are  known,  the 
following  equation  can  be  used  to  determine  the  dynamic  yield  strengths 
of  stirrups  and  longitudinal  reinforcing  steels 


13.700 


94  9  x  10® 


®y  / 


where  odv 


*  dynamic  yield  stress  (psi) 

*  static  yield  stress  (psi) 

*  strain  rate  (in  An /sec) 


(29) 


and 


<  2 


The  upper  limit  is  recommended  because  experimental  data  above  that  limit 
is  sparse.  The  lower  limit  is  recommended  because  the  equation  gives  low 
values  'n  the  case  of  small  static  yield  strengths  at  very  slow  strain  rates 

Data  to  corroborate  the  equation  may  be  found  if  References  14, 

22.  ano  23  and  in  Appendix  A  of  this  report.  Values  of  edv/av  art  plotted 
in  Figure  )7 

The  dynamic  increase  coefficient  for  stirrups.  Cj.  can  be  computed 
from  Equation  29  since  <rdy/ov  *  C2  in  the  case  of  stirrups 

Oynamlc  Compressive  Strength  of  Concrete 

If  the  strain  rate  and  static  compressive  strength  are  known,  the 
following  equation  can  be  used  to  determine  the  dynamic  compressive 
strength  of  Portland  cement  concrete. 

c 

“7r  •  1.17  ♦  0.1 73  e  ♦  0.06  log  (10 1)  (30) 


i 


•  • 


4 


*  4 


•  4 


•  4 


•  4 


4 


<8 


where  fdc 


dynamic  compressive  strength  of  the  concrete  at  28  do/s  (psd 


fc*  *  static  compressive  strength  of  the  concrete  at  28  days  (psi) 


and 


2 


The  upper  limit  is  recommended  because  experimental  data  above  that  limit 
is  sparse  The  lower  limit  has  little  practical  importance  with  regard  to  beam 
behavior  since  the  ratio.  fd'c/fc\  is  greater  than  one  for  all  strain  rates  greater 
than  0  0001  in  /in  /sec  However,  this  limit  is  very  important  to  computer 
programmers  because  the  ratio  approaches  minus  infinity  as  the  strain  rate 
approach*  s  zero  if  a  finite  limit  is  not  given 


Fi^ire  t7  Plot  of  dynamic  incrtas*  in  yield  strength  versus  elastic  strain  rat* 
for  rainforcing  ittel 
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Values  of  f«/fc'  are  P*otted  in  F  igure  18  Data  to  corroborate  the 
equation  may  be  found  in  Reference  24  Over  most  of  the  range  of  strain 
rates  considered,  the  U  S  Air  Force4  and  U  S  Army*®  currently  recommend 
dynamic  increases  in  compressive  strength  which  are  sightly  larger  than  those 
given  by  the  equation  here 


Firm  II.  Plot  of  dynamic  Increase  in  comprseehe  imigth  yenai  urtm  rate 
for  Portland  cement  concrtta 


Dynamic  Tamila  Strength  of  Concrete 

If  the  tensile  stress  rate  and  static  tensile  strength  are  known,  the 
following  aquation  can  be  used  to  determine  the  dynamic  increase  in  tensile 
strength  of  Portland  cement  concrete 

C,  -  -jT-  -  0951  ♦  (1.33  «  10"*)f,  ♦  0.0093  log  f,  (31) 

where  C|  ■  dynamic  increase  coefficient  for  concrete  in  tension 

•m  •  dynamic  tensile  strength  of  the  concrete  at  28  days  tpsi) 
f,'  ■  static  tensile  splitting  strength  of  the  concrete  at  28  days  (psil 
f,  •  stress  rate  ol  concrete  in  tension  Ipsi/secl 
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1  <  C,  <  1.74 


jnd 

The  upper  and  lower  limits  are  recommended  for  the  same  reasons  3$  those 
tn  the  equation  for  dynamic  compressive  strength 

Values  of  C*  are  plotted  in  Figure  19  Data  to  corroborate  the 
equation  may  be  found  in  References  14.  17,  and  24  In  tests  by  Cowell.24 
it  was  found  that  the  dynamic  increase  in  tensile  strength  was  considerably 
less  for  specimens  cured  49  days  with  respect  to  those  cured  the  customary 
28  days.  Of  course,  di  ring  that  same  time  interval,  the  static  tensile  strength 
increased  slightly  Since  the  reduction  in  dynamic  increase  predominates 
over  increase  in  static  strength  for  a  time  after  28  days,  the  equation  given 
above  was  developed  to  give  values  of  slightly  lov*  *r  than  values  obtained 
from  tests  on  specimens  cured  28  days  This  adjustment  permits  the  use  of 
conventional  28  day  test  data  m  the  formula,  otherwise,  tests  after  a  longer 
curing  time  would  be  required. 

Shear  Resistance 

Location  of  the  Critical  Section.  The  following  equation  was  used 
for  computing  the  distance  from  the  support  to  the  diagonal  tension  critical 
section 

*;  ♦  xJMt-JU  ♦  kJIL*-2i*-67U  ♦  I4  -  0.5 T l’ 

«.  *  - ; - : -  132! 

2«,L-37L* 

where  7  ■  2.600pd/1.«C, 
z  »  overhang  (in  I 

This  equation  is  derived  in  Appendix  A  of  Reference  23  for  the  conditions 
including  overhang  as  shown  in  the  diagram  below 


Condition*  of  loadin'  and  Itaatramt 
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Ftflurt  19  Flot  of  dywntc  inert**  in  ttnsito  strength  vtnus  ttnsi't  itre» 
rtlt  for  Portland  ctmtnt  concr«tt 


Sbwr-Momtnt  Ratio  at  tht  Critical  Section.  If  the  location  of  the 
critical  section  is  known,  the  shear  moment  ratio  at  the  critical  section  can 
be  computed  as 


where  V  -  shear  I  lb> 


M  «  moment  (in  -Ibl 


Dynamic  Shtar  Strength  at  tht  Critical  Stction  With  the  dynamic 
increase  coefficients.  C,  and  Cj.  known  and  the  shear  moment  ratio.  V/M. 
known.  Equations  5.  10.  and  1 1  can  be  used  to  calculate  the  dynamic  shear 
strength  at  the  critical  section  Since  all  the  stirrups  m  the  test  beams  were 
vertical,  the  angle,  a.  w«s  90  degrees  and  the  quantity  Umar  ♦  coto)  was 
equal  to  one*  Since  the  equations  were  being  used  to  analyze  test  specimens, 
the  capacity  reduction  factor.  #,  was  «»so  taken  as  one  Therefore,  the  equa¬ 
tions  for  diagonal  cracking  strength  v<(  and  usable  ultimate  shear  strength. 
v„,  tM-rc*  simplified  as  follows 


For  p<  0012. 


(0.8  ♦  lOOpIC.^tJ 


where  p  3  reinforcement  ratio 


9 


ft 


p 


9 


•  ■ 


vc  =  shear  strength  contributed  by  the  concrete  Ipsi),  diagonal 
tension  crnckmg  strength  (psi> 

For  p  3»  0012, 


ve  -  1.9C,  +  2,500  ^  <3  5C,^t;  (35) 

For  A,<  OOOISbs. 

v„  ■  vc  (36) 

where  Av  3  stirrup  area  parallel  to  the  beam  axis  {in  2) 

s  “  stirrup  spacing  center  to  center,  parallel  to  ’he  beam  axis  (in  ) 
vu  *  usable  ultimate  shear  strength  (psi) 

For  >  0  0015bs, 

*.*».+  c,-^  <ayfT;  (37i 

where  C3  *  dynamic  increase  coefficient  for  steel  in  tension 
»  static  yield  strength  of  stirrups  (psi) 

Dynamic  Shear  Rtsiitanct  at  »ha  Support.  If  the  location  of  ihe 
critical  section  is  known  and  the  shear  distribution  along  the  span  is  linear, 
the  shear  resistance  at  the  support  corresponds^  to  the  diagonal  tension 
cracking  strength  and  usab'e  ultimate  shear  strength  can  be  expressed  a> 


V« 


v„bd 


(381 


(39) 
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where  V,,.  *  shear  resistance  at  the  support  corresponding  to  the  diagonal 
tension  cracking  resistance  lib} 

Vjy  *  shear  resistance  at  the  support  corresponding  to  the  usable 
ultimate  shear  distance  llbl 

For  each  cycle  of  the  calculation  prior  to  shear  cracking,  the 
resistance  at  the  support  corresponding  to  the  diagonal  tension  trai king 
resistance  was  compared  with  the  shear  at  the  support  obtained  from 
Equation  15  If  at  any  time  the  value  of  V,  exceeded  VK,  the  output  of 
the  computer  indicated  that  shear  cracking  had  occurred,  and  all  further 
computations  were  made  using  foi  mufas  for  a  beam  cracked  in  shear  This 
change  in  behavior  is  represented  by  event  1  in  Figure  15  For  each  cycle 
of  the  calculation  after  shear  cracking,  the  resistance  at  the  support  corre 
spondmg  to  the  usable  ultimate  shear  resistance  was  compared  with  the 
shear,  V,  If  at  any  time  the  value  of  V,  exceeded  V*.  the  output  indicated 
that  the  usable  ultimate  shear  strength  had  been  exceeded,  and  m  subsequent 
cycles  no  further  comparisons  of  these  values  were  made  This  event  corre¬ 
sponds  to  yielding  of  the  stirrups  (event  3  in  the  figure)  or  to  dowel  failure 
depending  on  which  one  occurs  first 

8«ndlng  Resistance  et  the  Sheer-Compression  Zone.  For  predicting 
events  in  shear  behavior  other  than  those  already  discussed,  a  different 
hypothesis  is  offered  After  a  diagonal  tension  crack  has  formed  and  pro¬ 
pagated  into  the  upper  portion  of  the  beam  near  the  under  side  of  the 
compression  reinforcement,  the  prediction  of  behavior  at  the  shear- 
compression  /one  becomes  primarily  a  bending  (rotation)  problem  rather 
than  a  shear  problem  The  center  of  rotation  might  be  a  considerable 
distance  from  the  support  a:  a  point  where  vertical  shearing  forces  are 
not  largest,  but  the  maximum  resistance  of  the  cross  section  in  bending 
is  greatly  reduced  by  the  shear  crack  Failures  in  this  /one  occur  when 
the  ultimate  bending  resistance  is  exceeded 

A  section  through  the  shear  compression  /one  at  the  head  of  the 
shear  crack  might  remain  stable  after  yielding  of  the  compressive  concrete 
and  after  yielding  of  stirrups,  but  not  after  yielding  of  the  longitudinal 
tension  steel.  It  appears  that  yielding  of  the  longitudinal  tension  steel  in 
a  region  of  high  ear  near  a  support  triggers  dowel  failure  by  the  formation 
of  a  mechanism  that  is  nut  very  well  understood  Therefore,  in  a  liable 
section,  the  stirrups  mjy  be  elastic  or  yielded,  the  concrete  in  compression 
may  be  elastic  or  yielded,  but  the  longitudinal  tension  steel  must  be  elastic 
Combinations  of  these  material  conditions  have  been  designated  case  I 
through  case  IV  as  follows 
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Case 

Material  Conditions 

Stirrups 

Compressive 

Concrete 

Longitudinal 
Tension  Steel 

1 

elastic 

elastic 

elastic 

II 

partly  yielded 

elastic 

elastic 

HI 

partly  yielded 

yHded 

elastic 

IV 

elastic 

yielded 

elastic 

The  free-body  diagram  for  case  I  s  shown  in  Figure  20  The  point  of 
rotation,  point  0  in  the  figure,  is  .it  the  bottom  of  the  compression  reinforce¬ 
ment  at  a  distance,  xu,  from  the  support  Also,  a  small  overhang,  z,  is  shown 
at  the  support,  and  the  outboard  stirrup  affected  by  the  shear  crack  is  assumed 
to  be  at  the  critical  section,  xe  Vectors  in  the  diagram  represent  the  distrib¬ 
uted  load,  the  reaction,  the  horizonta1  forces  in  'ongitudmal  reinforcement, 
the  horizontal  stress  distribution  in  the  o-npressive  concrete,  and  the  vertical 
force  distribution  in  uniformly  spaced  I’irrups  The  inertia  of  the  concrete 
mass  of  the  free  body  relative  to  the  a  1  *cent  material  of  the  mam  portion  of 
t*»c  beam  is  very  small  compared  to  the  reaction  at  the  support  at  times  when 
failure  is  likely  to  occur,  therefore,  the  inertia  is  neglected  The  free-body 
diagrams  for  the  other  casts  are  ditferei  t  only  in  concrete  stress  distribution 
and/or  stirrup  force  distribution  where  trapezoidal  shapes  are  used  in  lieu  of 
triangular  shapes. 

For  each  of  the  cases  described  above,  equations  were  derived  for 
computing  (1)  the  distance  from  the  support  to  the  point  of  rotation,  x^, 

(2)  the  ratio  of  the  maximum  resisting  moment  to  the  resisting  moment, 

Mw/M,  and  13)  the  stresses  in  those  materials  that  are  assumed  to  be  unyielded 
The  equations  for  cases  I  and  II  apply  over  the  range  of  possible  rotations 
within  the  stated  conditions,  those  for  cases  III  and  IV  are  different  in  that 
they  apply  specifically  to  the  rotation  at  which  time  the  compressive  concrete 
strain  is  at  its  ultimate  value  (0  006  in  /in  )  The  three  computed  items  are 
important  because  (1)  the  point  of  rotation  coincides  with  the  point  where 
the  ratio  is  least  and,  therefore,  indicates  where  failure  is  most  likely  to  occur. 
(2)  if  the  ratio  is  greater  than  unity,  the  section  is  stable,  and  131  the  stresses 
must  be  compared  with  corresponding  dynamic  yield  stresses  to  determine 
the  validity  of  the  case  used  With  regard  to  the  third  item,  if  any  one  of  the 
computed  stresses  is  greater  than  the  corresponding  dynamic  yield  stress,  the 
case  used  does  not  apply  If  the  dynamic  yield  stress  of  the  longitudinal 
reinforcement  is  exceeded,  one  must  assume  that  the  beam  is  failed  by  dowel 
failure  If  any  of  the  others  are  exceeded,  one  must  try  another  case. 
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When  the  computer  code  was  used,  calculations  lor  the  bending 
resistance  at  the  shear-compression  /one  were  initiated  upon  shear  cracking 
and  were  continued  for  each  cycle  of  the  numerical  procedure  1 1  was  sup¬ 
posed  that  propagation  to  point  0  is  instantaneous,  but  no  assumption  was 
made  of  the  horizontal  location  of  point  0  The  subroutine  for  case  I  was 
loaded  and  used  first.  Equations  40  through  44  apply  tc  case  I.  The  distance 
from  the  support  to  the  point  of  rotation  was  determined  by  iterative  solution 
of  xu  in  the  following  pquation 

♦  x;iJ(L-2xtll 

+  xJ|0(8xf-2Lxe*2i,l) 

♦  xJ(aO)  +  0(6x,iJ  -  3xt3l| 

♦  2xu(a(-l-x,(  +  0(Lx’  +  xJ-3  x?  j1)) 

♦  (o(Lx«  +  iJ)  +  (J(-Lx,4  +  2xJi})]  -  0  (40») 
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I 


♦  d-d'  (40b) 


0  -  (400 

and  A,  =  area  of  tension  steel  (in  ?) 
f,  *  '♦ress  m  stirrup  (psi) 

E,  *  modulus  of  elasticity  of  steel  (psi) 

E„  a  modulus  of  elasticity  of  stirrups  (psi) 

n  -  EJkt.  modulus  of  elasticity  ratio 

Ec  *  modulus  of  elasticity  of  concrete  in  compression  (psi) 

A,'  *  area  of  compression  steel  (in 

The  stresses  in  the  remote  fiber  and  the  longitudinal  tension  reinforcement 
can  be  expressed  in  terms  of  the  stress  in  the  outboard  stirrup  (the  stirrup 
at  xc)  as  follows 


where  fc  ■  stress  m  concrete  (psd 

f,  *  stress  in  tension  steel  (psi) 

When  the  subroutine  for  case  I  was  loaded,  the  arbitrary  assumption  was 
made  that  stress  in  a  stirrup  at  xc  governs  shear  yielding  The  initial  value 
of  stress  was  taken  equal  to  the  dynamic  yield  strength  (f¥  *  fd¥y),  and  the 
distance,  xM,  was  obtained  from  Equation  40  This  value  of  xg  is  the  pre¬ 
dicted  location  of  the  point  of  rutation  at  the  time  of  yielding  if  stirrup 
yielding  governs  Next,  the  stress  in  the  remote  fiber  was  computed  from 
Equation  41  If  the  concrete  stress  was  less  than  us  dynamic  yield  strength 
(fe  <  the  initial  assumption  was  maintained  and  the  procedure  con  tin 
ued  Otherwise,  the  initial  assumption  is  invalid  because  the  concrete  yields 


v-'d  - 

'  3  + - - 

b(d")? 
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tx  f  r>'  the  -tirrops  If  the  initial  assumption  was  proved  wrong,  thr  concrete 
•'  a  w  »•*  *'t  equal  to  its  dynamic  yield  strength  (fe  =  w-  the  correspond 
mg  st  >t  ,p  stress  fv,  was  computed  from  Equation  41,  and  Equaf-m  40  was 
v.ived  again  »c  ootam  the  value  of  xu.  which  is  the  prediction  of  th<  location 
of  the  point  of  rotation  at  the  time  of  yielding  if  concrete  yielding  novorns. 
The*  ntiM  procedure  wasdon*  .main  ui'r  •  1  uation  42  to  check  the  validity 
•(  th»  assumption  regarding  whu  h  m.jt»*f 1  «•  ,  iclds  first  and  to  revise  the 
ass  jnic’io  t  and  the  values  of  fv  and  xu  if  n  rexsary  After  the  material 
y  >v  fnmg  shear  yielding  was  known  and  the  correct  values  of  f¥  and  xu  were 
obtained  the  maximum  resisting  moment,  for  the  case  being  considered,  was 
calcul.it*  d  as  follows 

Mr  ’  *  p<*“ ' *t)J  1441 

where  Mn  c  maximum  resisting  moment  (in  *lb) 

and  where  o  and  fi  are  the  values  obtained  from  Equations  40b  and  40c  The 
moment  .it  the  ^ame  time  and  position  was  calculated  as 

M  -  (Lxu  -  x*.  z2)  (45) 

If  the  ratio  of  the  maximum  resisting  moment  to  the  moment,  M„/M,  was 
less  that  unity,  the  computer  output  indicated  that  the  beam  was  yielded 
m  shear  the  case  I  subroutine  was  abandoned,  and  either  another  subroutine 
was  load1  d  or  bending  resistance  calculations  for  the  shear  compression  zone 
won  terminated 

The  subroutine  for  case  II  was  loaded  if  yielding  of  3  stirrup  governed 
the  final  cycle  ot  case  I  Equations  46  through  49  apply  to  case  II  The  dis 
tance  from  the  support  to  the  point  of  rotation  was  determined  by  iterative 
so'ubon  of  xu  in  the  following  equation 

♦  xjll  -  2xc)  +  2x„(x?  -  t7  +  j  -  {) 


(4tt) 

148b) 


> 


» 


» 


•  • 


» 


where 
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.,rvj  f.wy  *  dynamic  strength  of  stirrups  (psit 

The  stress  in  the  rnn'olt*  fitter  c.*n  tie  expressed  in  terms  of  the  stress  m  (lie 
lumiitudinet  tension  steel  as  follows 


2\f% 


bd"  ♦ 


3  n  r  A  * 
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When  the  subroutine  lor  < ay  M  w.ts  loaded,  the  arbitrary  assumption  wv.is 
made  th.it  stress  in  the  lonijttudm.il  tension  stn*l  governs  tfm  upp*f  boundary 
ol  case  II  The  initial  vaiue  of  stress  w.is  token  i  qual  to  the  dynamic  yw'ld 
str«*nyth  (f,  •  fdy).  and  the  dress  in  the  remote  fiber  w.is  obtained  from  » 
Equation  47  If  the  concrete  stress  was  less  than  its  dynamic  yield  strength 
(f{  <  f-cy).  the  initial  assu.nption  was  maintained,  and  the  distance.  was 
determined  by  solving  E  quit  ion  46  0 thiswise,  the  initial  assumption  is 
invalid  Ix'cauv  the  concrete  yields  before  the  sh-el  If  the  initial  assumption 
was  proved  wrong,  the  concrete  stress  was  set  equal  to  its  dynamic  yield 
strength  (fc  ■  fdcy),  the  corresponding  steel  stn-ss  f,.  w.is  computed  from 
Equation  47,  and  then  Equation  46  was  v lived  to  obtain  th»  value  of 
After  the  quvernmq  material  was  known,  and  the  correct  values  of  f,  and 
were  obtained.  the  iiiUAUHimt  resisting  moment  w.is  calt  ulatcd  as 


m„  •  7  ♦  -  ri  wa» 


white  y,  6  and  f  are  the  values  obtain*  d  from  Equations  46b.  46c.  and  40d 
Thi'  rnorni  nt  at  the  same  time  and  position  was  untamed  hy  the  use  of 
Equation  46  If  th«>  ratio  of  the  maximum  resisting  m>  •  ent  to  the  moment. 
M„/M  was  li  ss  than  unity,  thi-  case  II  subroutine  w.is  atundoned.  and  either 
another  subroutine  was  lo.Kfcd  or  bending  resistance  calculations  for  the 
she, a  comj  ression  /one  wi'fe  terminated  An  uni  sserdial  but  nonetheless 
ml*  resting,  value  romputed  during  each  cycle  of  cose  II  w.is  tin*  numl*t  of 
yieltfc  d  stirrups,  N 

N  ’  •["* '  "TX  W'<n3  l4W 
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Thu*  subroutine  for  cose  III  was  loaded  if  yielding  of  the  concrete 
governed  the  final  cycle  of  case  II  or  if  the  stirrup  stress  exceeded  its  dynamic 
yield  value  in  the  final  cycle  of  case  IV.  Equations  50  through  52  apply  to 
case  III.  The  distance  from  the  support  to  the  point  of  rotation  was  deter¬ 
mined  by  iterative  solution  of  xu  in  the  following  equation 

♦  x2(L-2xc|  ♦  2xu(x?-z**f -f>) 

♦  (2zJxc  -  Lx?  -  ^  ♦  01.)  *  0  (50a) 


where  «  ’  OOOf.  A  E.Ajld  -  d'l  ♦  lo‘.bd''(0  76d  -  0  29td”l 

o  .  1  E,A,fdt.(d-d")  * 

J  E,(o.75f<l'cbd'‘  ♦  0006  E,A,) 


(50b) 

(50c) 


and  the  value  of  6  is  obtained  from  Equation  46c.  The  max  imum  resisting 
moment  was  calculated  as 


.M*  ■  0  ♦  6|(xu-xc)J  -  0}  <51) 


The  moment  at  the  same  time  and  position  was  obtained  from  Equation  45 
The  number  of  yielded  stirnjps  is 


N 


E,A,fa„(d-d") 

E,(o.75Vebd"  +  0.006  ~  E.A,') 


(52) 


II  die  Mho  of  thy  maximum  resisting  moment  to  the  moment.  M*/M.  was 
less  titan  unity,  the  com  outer  output  indicated  that  the  beam  was  failivj  in 
slusir  compression,  and  bending  resistance  calculations  for  tlw  shear-compression 
/oik*  were  terminated. 

Thy  subroutine  for  case  IV  was  loaded  if  yielding  of  the  compressive 
concrete  governed  the  final  cycle  ol  case  I.  Equations  53  through  55  apply 
to  cms  IV  The  distance  from  ine  support  to  the  point  ol  rotation  was  deter- 
miiv.ij  by  iterative  solution  of  xv  in  the  following  equation: 
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+  *JI-M  +  >3  (2  XL) 

+  xJ(3X(x3-Lxc-23)! 

+  2xu|X(3zJxe-xf)  >  i|) 


+  [X(Lx?-3z3xc3)  -  /j L]  *  0  (53a) 

where  tj  ■  fd'c  b  d''  (0.75  d  -  0  291d") 

+  0006  E.A|(d  -  d')  .  (53b) 


X 


A,E, 


0.75  V.bd"  +  0.006  jr  E.A' 
3i(d  -d") 


The  stress  in  the  stirrup  at  x.  is: 


(53c) 


.  «.  -  »c  * 0006  f  e>a 

"  d  -  d"  \Z,)\  A, 

If  the  computed  stirrup  s'ress.  fv.  was  greater  than  the  dynamic  yie.  J  stress, 
w  the  subroutine  for  case  IV  was  abandoned  and  replaced  with  the  one  for 
case  III.  If  the  computed  stirrup  stress  was  less  than  the  dynamic  yield  stress 
(f,  <  fdvy).  the  subroutine  for  case  IV  was  maintained,  one.'  the  muxhnum 
resisting  moment  was  determined  from  this  formula: 


M*  -  rj  ♦  X(xg  -  xe>3  (55) 

The  moment.  M.  was  determined  by  using  Equation  45.  If  the  ratio. 
was  less  than  unity,  the  computer  output  indicated  that  the  beam  was  failed 
in  shear-compression.  and  bending  resistance  calculations  for  the  shear- 
compression  2onu  were  terminated. 
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Bond  Resistance 

Wlien  the  COmD^t of  code  was  uv-d.  bond  calculations  were  made  <Of 
cycle  of  tlie  numerical  intcowbon  They  were  m.Kie  m  «K,eorda»ce  with 
tho'<*  articles  m  ih**  ACl  BiiiHimj  Codeu  which  P"fl«n»  to  bond  and  anchor¬ 
age  «n  ultimate  suoiKjtn  d<  s»qo  itytMtmc  iw«w«  m  bo»u!  >m  ngth  «  «i<  not 
CQHxitkml  Per  instance*.  fo»  tension  bars,  other  than :  >p  oars,  with  sues 
.Kid  deformations conforming  to  ASTM  Specification' ‘ACO 


where  uu  *  ultimate*  bond  Stress  (psi) 

0  *  nominal  diameter  of  K*  (in ) 


All  of  the  l>*amsanafy/ixi  were  bolted  to  iMMfmq  plates  which  were  simply 
supported,  Therefore,  the  critical  action  for  bond  was  assumed  to  be  at  the 
ciJ«je  of  thv  lx*  King  plate  .it  a  distance  xb  from  the  simple  support  Thus,  the 
Shear  resistance  at  the  support  corresponding  to  llie  ultimate  bond  strength 
was  expressed  as  follows 


At  the  critical  **  non  for  bond. 

vb  •  0£ojduw  (571 

where  Vb  •  maximum  allowable  shear  at  the  critical  section  for 
bond  (lb) 

^  ■  capacity  reduction  factor 

1’0  *  sum  of  perimeters  of  effective  bars  (in.) 

jd  *  moment  aim  between  centroids  of  compressive  and 
tensile  forces  (in ) 

Since  the  equations  were  being  oseu  to  analyze  test  specimens,  the  capacity 
rciJuciror*  factor.  was  taken  as  unity.  Therefore.  Situation  57  was  simple 
fil'd  as  follows 

Vb  -  -0  jd  ou  (58] 


»  • 


i 


where  =  shear  resistance  at  the  support  corresponding  to  the  ultimate 
bond  resistance  (lb) 

xb  *  distance  from  the  support  to  the  critical  station  for  bond  (in ) 

For  each  cycle  of  the  calculation,  the*  resistance  at  th<*  support 
corresponding  to  the  ultimate  bond  resistance  was  compared  with  the  shear 
at  the  support  obtained  from  Equation  15  If  at  any  time  Hit,  value  of  V, 
exceeded  V^,  the  output  of  the  computer  indicated  bond  failure  and  bond 
calculations  were  discontinued 

Flexural  Resistance 

G:  neral.  The  flexural  resistance,  R,  iri  Equation  12  can  b“  computed 
for  «\ich  cycle  o(  the  calculation  tcluxj  into  account  the  changing  m<xJulu$ 
of  elasticity  of  the  concrete,  which  causes  a  slightly  nonluv.ir  r<*sist;moe- 
dc* flee tu>n  relationship  in  ttie  elastic  region,  and  tlx*  changing  str<  iwjthsof 
materials,  which  cause  a  very  d<  finite  nonlinear  resistance-dr  flection 
relationship  in  the  inelastic  region  Damping  of  tlx*  system  due  to  the  changing 
strengths  of  materials  occurs  m  the  calculations  .1$  the  flexural  resistance  «s 
influenced  bv  the  speed  of  the  beam 

The  strain  rdt**  and  dynamic  Strengths  of  materials  at  rmdspan  h.ivo 
been  discnsv'd  previously  and  applicable  fo.niuldS.h<ive  lx*  n  given  as  Eqna 
Sions  25  through  30 

Moment  Capacity.  The  provisions  of  article  1602  of  toe  ACI  Building 
Code13  were  used  to  determine  the  ultimate  design,  dynamic  r<  vstmg  muim  ni, 
Mdu,  by  sunply  substituting  the  dynamic  yield  atn’svs  m  pl.»ce  ol  tlx* static 
yield  stresses  and  permitting  remfort  ement  ratios,  p  -  p\  up  to  tty  tol.tnoxi 
condition.  pb  Article  1602  pertains  to  flexural  <  omputations  m  ultimate 
Strength  design  for  rectangular  beams  with  coinprestton  remforcemr-nt  The 
stress  block  proportion  is  approximated  by 

k,  ■  085  fd'c  <  4,000  psi  (60a) 

/f '  -  4,000  \ 

k,  *  0  85  *  0  05^ — i'ooo' "  -/  Vc>400°P«  (60b) 


where  k,  is  the  stress  block  proportion  The  reinforcement  ratio  that  would 
produce  balanced  conditions  is  predict**)  by 


086  k,  I,;/  87  pop  \ 

P»  '  ld>  \  87,000  ♦  I J 
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where  pb  ■  reinforcement  ratio  that  produces  balanced  conditions 
fdy  *  dynamic  yield  strength  of  tension  steel  (pst) 

The  beam  is  overrcinforced  when 

tZS.  >  1  (62a) 

Pb 

where  p'  is  the  compression  reinforcement  ratio.  The  beam  is  underreinforced 
when 

SJL£.  <  1  (62b) 

Pb 

TtH  beam  ir  undcrrcmforced  but  docs  not  conform  to  ACI  1607(d)  when 

0.75  <  JLL-Z.  <  1  (62c) 

Pb 

Although  yielding  of  the  compression  reinforcement  does  not 
constitute  yielding  of  the  beam,  such  yielding  does  influence  the  moment 
carrying  capsety  enough  to  be  considered  t»ere.  Therefore,  different  for¬ 
mulas  were  used  to  obtain  the  dynamic  resisting  moment  for  the  cases  of 
yielded  and  unyivfded  compression  reinforcement  at  the  time  of  yielding 
of  the  beam  The  reinforcement  ratio  that  would  produce  yielding  of  the 
compression  reinforcement  concurrent  with  yielding  of  the  tension  rein¬ 
forcement  foi  the  current  velocity  of  the  beam  is  predicted  by 


where  p|  •  reinforcement  ratio  that  produces  yielding  of  the  compression 
reinforcement  concurrent  with  yielding  of  the  tension  reinforce¬ 
ment 

fdy  “  dynamic  yield  strength  of  compression  steel  (p$i) 

If  p  -  p'  >  p|.  the  compression  steel  is  assumed  to  be  yielded  and  the  dynamic 
resisting  moment  can  be  determined  from 
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(64) 


(A,id,  -  A;f0;i  (d  - 1)  *  A;v,(d  -  d'i 


0  85f '  b 


and  Mdu  *  ultimate  design,  dynamic  resisting  moment  (in  -lb) 
a  •  ultimate  design,  stress  block  depth  (in.) 

If  p  -  p'  <  pt<  the  compression  steel  i$  assumed  to  be  elastic  and  the  dynamic 
resisting  moment  «s 


Mfl0  -  0  85  f,'{  a  b  (d  -  i)  +  a;e.c„()  -  ^-)fd  -  O')  (65) 

where  •  •  f(A4  -  a'E,^) 


i  V*V<f y  ^E,tcY)?  T  34ld;bA;Et<CYk7dj/l.?ltj;b 

and  ccy  *  yield  strain  of  concrete  (in /in  ) 

Neutral  Axis.  The  location  of  the  neutral  axis  at  the  time  of  flexural 
yielding  based  on  the  current  velocity  of  the  beam  is  expressed  as 

c  -  (66) 

Ki 

Modulus  of  Elasticity.  When  simplified  methods  of  analysis  and 
design  were  used,  the  modulus  of  elasticity  ol  the  concrete  for  the  static 
case  as  given  in  Equation  7  was  used.  When  tlte  computer  code  was  used, 
the  dynamic  compressive  strength  of  the  concrete  was  user!  in  lieu  of  the 
static  strength  os  follows 


Ee  •  p,533s/f^  (67) 

whiro  E.  ■  modulus  of  elasticity  of  concicu*  m  compression  fps*) 
p  ■  density  ot  the  concrete  <Hj/ll3) 

f„j  *  dynamic  compressive  strength  ol  the  com  rote  at  28  daysfpsi) 
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Moment  of  Inertia,  The  moment  of  inertia,  assuming  a  crocked 
Section,  is  expressed  os 

hr3 

♦  n A,(d  -  c)2  +  (n  -  l)A'f(c  -  d*>2  (68) 

where  lc  *  moment  of  memo  of  a  crocked  section  (in  4) 

Stiffness  The  ratio  of  the  resistance  and  the  deflection  traditionally 
has  been  considered  to  be  a  constant,  colled  the  spring  constant,  and  propor¬ 
tional  to  the  product  of  the  modulus  of  elasticity  and  the  moment  of  inertia, 
called  the  stiffness,  and  inversely  proportion,)!  to  the  third  power  of  the  span 
length.  Thus. 


k 


11 

L3 


where  k  »  spring  constant  (lb/m.) 

E  •  modulus  of  elasticity  (psi) 
l  ■  moment  of  inertia  (in,4) 

For  uniformly  loaded  beams  on  simp'e  supports. 


k 


Actually,  the  moment  of  inertia  changes  with  deflection,  which  in  turn 
changes  with  time,  as  the  flexural  critical  section  passes  through  the  uncrockcd. 
cracked,  and  hinging  states  of  behavior.  Also,  the  stiffness  changes  slightly 
with  time  as  the  modulus  of  elasticity  of  the  concrete  Changes  with  beam 
velocity.  Therefore,  the  spring  constant  is  not  a  constant  at  all.  but  a  variable. 

The  spring  constant  for  the  cracked  regime,  kc,  was  computed  from 
the  modulus  of  elasticity  of  the  concrete  and  ttie  moment  of  inertia  for  a 
cracked  section 


k  ■ 

"c 


(69) 


f 


i 


i 


i 


i 


66 


I 


» 


where  •<  the  spring  constant  of  a  cracked  section  m  lb/m  Then,  an 
approximation  of  the  spring  constant,  which  can  be  used  through  all 
regimes  (uncracked,  cracked,  and  hinging),  was  made  using  the  method 
recommended  by  NosseirJ8  In  Nosseir's  method,  the  spring  constant,  k, 
is  obtained  from  the  spring  constant  for  the  cracked  regime  and  the  span- 
depth  ratio  of  the  be3m. 


k  -  [o.I3(j)  -  0  0058  (^)Jjkt  (70) 

Data  from  this  empirical  formula  compared  well  with  measured  data  within 
the  limits:  4<L/d<12.  Corroboration  outside  those  limits  was  not 
attempted.  Data  within  those  limits  to  corroborate  the  equation  can  be 
found  in  Reference  18  and  in  Appendix  8  of  this  report.  Appendix  8  also 
contains  comparisons  between  Nosseir's  method  and  other  methods. 

For  each  cycle  of  the  calculation  prior  to  shear  cracking,  the  natural 
period  of  vibration  was  determined  from  the  mass  and  the  spring  constant 
by  application  of  the  following  formula: 

T„  -  2*  VKlm  2  (70.) 

The  natural  period  was  not  used  in  flexural  resistance  calculations,  but  was 
used  in  Equation  1 7  to  estimate  the  dynamic  stress  rate  of  the  concrete  in 
diagonal  tension. 

Resistance.  The  flexural  resistance  is  limited  by  the  moment  carrying 
capacity.  For  uniformly  loaded  beams  on  simple  supports,  the  maximum 
resistance  is  computed  as 


8Md„ 

L 
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where  Rm  is  the  maximum  flexural  resistance  in  pounds.  Otherwise,  the 
resistance  can  be  expressed  as  the  product  of  the  spring  constant  and  the 
deflection.  Thus, 


R  -  ky  <  Rm  (72) 

Upon  the  first  occasion  of  Rm  governing  in  Equation  72.  the  computer  output 
indicated  flexural  yielding. 
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Inelastic  Hinge.  For  each  cycle  of  the  calculation  after  flexural 
yielding,  an  analysis  was  made  of  the  inelastic  hinge  to  estimate,  for  the 
current  velocity  of  the  beam,  how  much  deflection  would  correspond  to 
flexural  failure  assuming  that  failure  occurs  when  the  compressive  strain 
in  the  remote  fiber  reaches  the  ultimate  strain.  ecw  (0  006  in  /in ),  The 
following  general  procedure  was  used: 

1.  From  the  assumed  stress  and  strain  distributions  over  the  cross 
section,  the  neutral  axis  was  found  at  the  section  where  the  dynamic  yield 
moment,  Mdu,  exists  (boundary  of  hinging  action)  and  at  midspan  (center 
of  hinging  action). 

2.  The  ratio  of  the  strain  in  the  remote  fiber  and  the  distance  to 
the  neutral  axis  was  used  to  represent  the  curvature  of  the  beam  at  the 
center  of  hinging,  The  ratio  of  tension  steel  strain  and  its  distance  from 
the  neutral  axis  was  used  at  the  edge  of  hinging. 

3  A  linear  curvature  distribution  from  zero  at  the  support  through 
the  points  indicated  above  was  used  to  obtain  a  curvature  diagram, 

A.  The  deflection  was  computed  by  summing  moments  of  areas  in 
the  curvature  diagram. 

The  computer  did  not  make  use  of  o  diagram,  of  course,  but  executed 
comparable  arithmetic  steps.  The  estimated  deflection  was  compared  with 
the  deflection  obtained  from  the  recursion  formulas,  liquations  12  through 
14.  The  computer  output  indicated  flexural  failure  upon  the  first  occasion 
when  the  deflection  exceeded  the  deflection  corresponding  to  flexural  failure. 

Keenan30  has  used  a  similar  approach  assuming  linear  curvature 
outside  the  hinging  length  and  fourth  degree  curvature,  opening  downward, 
within  the  hinging  length  Nordell31'32  has  refined  the  approach  considerably 
using  rigorous  methods  to  predict  the  shape  of  the  stress  block  within  the 
hinge  and  the  shape  of  the  curvature  diagram  across  the  hinging  length. 

The  equations  used  to  analyse  hinging  in  the  Series  F  beams  arc  given 
in  Appendix  C. 

Computer  Programs 

Computer  programs  were  written  for  the  static  and  dynamic  analyses 
of  rectangular  reinforced  concrete  beams  with  compression  reinforcement 
and  stirrups. 


Output  data  from  the  program  for  static  analysis  included  the 
load  carrying  capacity,  deflection,  ana  location  of  the  critical  section 
corresponding  to  flexural  yielding,  shear  cracking,  usable  ultimate  shear, 
shear  yielding,  shear  failure,  and  allowable  bond.  It  also  included  the  mod¬ 
ulus  of  elasticity  of  the  concrete  in  compression  and  the  effectiveness  of 
the  stirrups. 

The  program  for  dynamic  analysis  w3$  written  to  include  the 
characteristics  of  the  load  in  the  input  data.  The  response  history  was 
included  in  the  output.  Figure  21  contains  sample  output  giving  the  title 
of  the  program,  the  identification  of  the  beam,  a  list  of  input  dam.  and  a 
list  of  output  data  The  conditions  of  loading  and  restraint  were  input  os 
a  code  number  and  then  output  in  the  written  form  shown  in  the  figure  as 
a  check  3gainst  error.  The  peak  load  was  input  in  thousands  of  pounds  per 
foot  if  it  was  a  uniformly  distributed  load  or  in  thousands  of  pounds  if  it 
was  a  concentrated  load.  When  this  data  was  listed,  it  was  also  given  in 
terms  of  the  total  load  on  the  beam.  If  the  load  duration  was  omitted, 
infinite  duration  was  used  by  the  computer  and  the  word  "infinity"  was 
output  as  shown  in  the  figure. 

The  precision  versus  cost  of  the  solution  was  controlled  by  appropriate 
input  of  a  time  increment  and  an  acceleration  tolerance.  These  values  were 
listed  in  exponential  format:  for  instance,  the  time  increment  shown  in  the 
figure  is  2.5  x  10*’  msec  or  0  00025  second.  The  precision  decreases  as  the 
overhang  length  increases  because  the  overhang  is  neglected  in  many  of  the 
formulas.  Therefore,  some  judgment  must  be  used  in  specifying  overhang 
length.  A  maximum  overhang  of  L/10  is  considered  reasonable  for  normal 
engineering  accuracy.  If  this  computer  program  were  to  be  used  to  analyze 
a  beam  with  long  overhangs,  it  might  be  wise  to  run  the  program  twice,  first 
for  simple  supports  with  overhang  and  second  for  fixed  supports,  to  insure 
that  both  satisfy  the  design  criteria. 

If  the  half-width  of  the  support  is  omitted,  bond  calculations  will  be 
made  at  the  center  of  the  support  instead  of  at  the  face  of  the  support  or  the 
edge  of  the  bearing  plate  Stirrup  spacings  are  in  the  direction  of  the  beam 
axis,  and  the  inclination  factor  is  sin  a  +  cos  a  where  or  is  the  angle  of  incli¬ 
nation  of  the  stirrups.  Different  static  yield  stresses  for  compression  steel 
and  tension  steel  may  be  specified  as  shown.  The  proportions  and  weights 
of  the  beam  were  provided  in  the  output  data  for  comparing  the  properties 
of  one  beam  with  another  and  for  estimating  the  weight  and  cost  of  the 
beam.  The  mam  portion  of  the  output  data  was  a  table  giving  the  predicted 
behavior.  The  times  listed  in  the  first  column  were  established  by  the  time 
increment  given  m  the  input,  and  the  calculation  was  terminated  when  the 
deflection  reached  maximum  because  most  of  the  equations  in  the  theory 
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do  not  apply  when  the  velocity  is  negative.  Other  columns  m  the  table 
contain  values  for  the  motion  at  midspan,  total  lodd.  resistance.  shear  at 
the  support,  and  the  reaction  at  the  support.  Note's  were  given  in  the  table 
to  indicate  events  which  change  the  behavior  of  the  beam  and  to  provide 
supplementary  information  such  as  position  of  the  critics!  section,  number 
of  stirrups  yielded,  •''cation  of  the  shear- compression  zone,  and  effective 
ness  of  stirrups.  The  sample  data  in  the  figure  predicted  inelastic  response 
(flexural  yielding)  and  failure.  Furthermore,  it  indicated  when  and  where 
yielding  would  occur  in  shear  compression 


SERIES  F  TESTS 
Objectives 

The  first  objective  of  the  Scries  F  tests  was  t<>  study  the  concept  of 
ductility  along  the  span  with  emphasis  on  the  difference  between  static  and 
dynamic  behavior.  The  design  procedures  which  rrSoU-d  from  the  Series  E 
tests23  were  used  to  design  the  test  specimens,  and  the  ih-iory  given  in  this 
report  was  used  to  analyze  them  It  was  rwsired  to  achieve  nearly  equal 
probability  of  failure  in  shear  or  flexure  in  dynamic  tests,  and  to  achieve 
nearly  balanced  conditions  between  ductile  and  brittle  behavior  in  both 
the  shear  and  flexure  modes.  Furthermore,  the  ductility  in  bending  in  the 
shear  compression  zone  was  studied  to  see  if  undcrremforced  conditions 
could  be  maintained  there. 

The  second  objective  was  to  use  the  theory  to  predict  the  occurrence 
of  (1/  shear  cracking.  (2)  yielding  of  the  tension  steel  at  midspan.  (3)  yielding 
of  stirrups.  (4)  yielding  of  the  concrete  at  midspan.  (5)  yielding  of  the  con* 
Crete  at  the  shear  compression  zone,  and  (6)  mode  of  failure.  The  predictions 
included  time  and  location  of  occurrence  in  dynamic  tests,  and  load  and 
location  of  occurrence  m  static  tests. 

The  third  objective  was  to  substantiate  the  equations  in  the  theory  for 
predicting  dynamic  shear  strength  over  a  range  of  concrete  struigth,  fe',  using 
predicted  values  of  the  dynamic  increase  coefficient.  Ct.  and  over  a  range  of 
stirrup  spacing,  s.  using  predicted  va’ues  of  the  dynamic  increase  coefficient, 

c*. 

Test  Specimens 

Description.  Twelve  specimens  were  fabricated  with  a  span  of  138 
inches  (1 1  feet  6  inches)  between  supports  and  an  overhang  of  6  inches  at 
each  end  giving  a  total  length  of  150  inches  (12  feet  6  incites).  All  had 
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rectJrwjular  cross  sections  of  7  inch  width,  15  69  inch  effective*  depth,  and 
18  inch  total  depth.  The  distance  from  the  top  surface  *o  tltc  center  of  ifn? 
compression  steel  was  1.44  inches  All  beams  were  doubly  remforct'd  with 
two  no,  9  deformed  bars  in  tension  and  two  no.  7  bars  m  compress.on  All 
had  vertical  box- type  stirrups  made  from  6  gage  wire  hooked  to  the  com¬ 
pression  stool.  The  ends  of  each  beam  were  supporter!  on  and  bolted  to 
•C  ».**•  Jo.h,  by  « iiM,li-thick  tiling  plat es  winch  were  free  to*  translate 
horizontally  and  to  rotate. 

The  beams  designated  WF 1  through  WF4  tiad  3  inch  spacing,  center 
to  center,  between  stirrups  in  the  critical  region,  and  those  designate  WF5 
through  VVF 12  hod  5  inch  spacing  there  Details  are  shown  m  Figures  22. 

23.  and  24 

The  beams  were  intendcj  to  fad  in  shear  near  the  east  end  or  in 
flexure  at  midspan,  therefore,  the  sti'irps  were  spacer!  closer  together  near 
tlic  west  end  The  departure  from  symmetry  in  the  design  was  not  largo 
enough  to  cause  unsymmetncal  flexural  response,  but  large  enough  to  pro 
elude  shear  failure  near  the  wr-st  end 

Material  Properties.  Tests  on  concre'e  control  cylinders  and  stool 
coupons  to  determine  the  static  and  dynamic  properties  of  tin?  materials 
ore  discussed,  and  the  results  are  given  in  Appendix  A  Also,  the  static 
material  propertiesarc  sum  marked  in  Table  1. 

The  concret''  was  made  from  Type  I  Portland  cement.  3/4-mch 
maximum  size  aggregate,  and  sand.  Two  mixes  wwc  used.  The  average 
static  compressive  strength  at  about  28  days  wjs  5,770  psi  for  the  higher 
strength  and  3.480  psi  for  the  fov.c  r  strength  concrete.  The  average  tensile 
splitting  strength  was  560  psi  for  the  higher  strength  ami  430  psi  for  the 
lower  strength  concrete.  The  higher  strength  concrete  was  uvxf  in  speci¬ 
mens  WF1  through  WF8 

The  longitudinal  reinforcing  bars  satisfied  tin*  strength  requirements 
of  ASTM  Specification  A432  and  thed<  formation  requirements  of  ASTM 
Specification  A305  5GT  The  average  static  upper  yield  stress  was  69,000 
psi  for  the  no  9  bars,  used  in  tension,  and  70.000  psi  for  the  no  7  btirs.  used 
in  compression 

The  stirrups  were  made  from  annealed  plain  wire  winch  was  received 
in  6  foot  straight  lengths.  The  average  static  yield  stress  was  30.000  osi.  The 
wire  hud  a  linear  stress-strain  relationship  to  a  well  defined  proportional 
limit  at  about  23.000  psi  and  >>«kJ  a  tangent  modulus  of  elasticity  of  -‘boot 
29.200.000  pv 


71 


l**»yt  o*u 


CwN'iltlyN*  0»  eO*OI*G  **0  *<C»T«AtNl 
Sl-“ef  *mo  vMfom  cu*u 


UT«.A-IC  eo»o 


rf« 

o»** 

ev*y 

*1SC 

CMC  0r 

UNlrON-  e«>*0 

tOMe  tort) 

yyiUtlON 

UK 

«U»/rn 

Ul.l 

MSEC) 

MSEC) 

MSEC) 

1.0*0 

«t.i 

IMIMir 

2. CO 

■>.40 

**CCt9ION  0»  C0"#yT*tlOH$ 

U“C  1-H.Nr-lNi  <»«Cl  *CCClCftAl|9*  »OU®*NCC  UN/SCC/SCO 

1  •090C-UO 


CO»iC*M|  4NO  NNO»«CH||tS 


(«N»!1t|Vt  OIn>IIT  «"C«yfN  -CIO"! 

SIHNOTm 

usu  u*/».u  n>  ii*<>  Uni 


litNyT*'  VtNOTM  yf  HAt9-*|r>|N 

Of  »»*N  OVC«HA»K>  or  $y»t*o»l 
UN|  U«l  (INI 


9.9*  1>9. 


19.9#  |3I.»#  *.90  9,»0 


»UCO 

tmNAtrt 

imii 

36,'' 


>t |»»yv  d|n£njionS  ANQ  OnoHmIICS 


«mC* 

SMCIN9 

iNCtlNiTJON 

Nooyvjs  or 

99CI0M 

(v«siiciiv 

IM.lN.1 

UNI 

9.00 

1*99 

2*999. 

COMMISSION  HCKL  UHCnSIOnS  *NW  MOWIICS 

Tieto  $t«cnoth  iue«  crrcciivt  ot»in  •*»  ountt* 

<«9ll  iSi.i*.)  tl*>  Uni 

9*./  i.2-  .m 


tinsion  suit  omissions  4 no  Morrmics 


tlfto 

Ml* 

IMlCtUC 

HWyCUS  09 

•  4«* 

TWIiL 

viol* 

(k«suciTf 

0U*CtK<i 

rcxiMCU* 

mill 

uy.lN.i 

UNI 

<9911 

UNI 

Uni 

•9.9 

2.99 

19.9* 

****** 

1.12* 

OUllMf  y«u 


CnSIOn 

KWONONlJONS  UNO  «Clu"t> 

Cv**»|SS|ON  |(l« 

OMUMM 

COnCInHAIIO 

9UCC 

siicv 

•IIO-T 

MH 

**ll 

H4l|b 

**110 

<«!*> 

iSeoMt 

tseosst 

•  91*2 

.91 J* 

1.9 

•9.9 

9.9 

Ftfur*  21.  Sompl*  computer  output. 


•  i 


72 


I 


i 


MtVICUO  fC^»vJ(V» 


«wl|u*  *1 


7o«Cli  *1  Sv»»0*-tS 


1.*C 

l«t) 

I. 40 
l.t* 
7.00 

J. » 
M« 
j.n 
)•«* 
i .?» 
J.50 
).H 

4.00 

*.n 

*.50 

4.IJ 

4.00 

*•» 

«•»« 

».}» 


*.«» 

0.40 

4.7* 

Ml 

?.n 

».»• 

?.T» 


•  •00 
o.7» 
Ml 
».T» 
Ml 
Ml 
0.40 
Ml 
l*.M 
It.?* 


II.** 

I. .II 

II. ** 


II.  »* 
1MI 
I/.?* 
17. «0 
l?.T* 
I).** 
I>.«* 
U.M 

IJ. I* 
!».*• 
I*. I* 


f.#  I. 
MM 

.Ml 

.••7 
■  Ml 
♦41? 
■«}♦ 
•  OIJ 

ill* 


•  »l 
.M 
.»W 

•  W 


3?.* 

ti.l 

II.J 
*1.0 
*»».  I 
lit  l 
?*.* 
•M 

•*.* 

41.4 
4*.< 
44.  « 

1*1  .4 


17.1 
n.i 
j».i 
»?,* 

44.4 
44  .> 
**.< 

44.1 
4)./ 
•?.l 
•4.1 
4*.i 
S4>* 
47.* 
40. • 
•<•1 
•4,0 
•  1*7 
)4,4 
?♦.♦ 

71.7 

17.4 

77.7 


14. 1 
?«.? 
1».4 

•  4.4 
1«.7 
•V.* 
71. • 

•  l. I 

•  I-  * 

•1.1 

•  I* I 

•  1*1 
•l.l 
•1*1 
•1*1 
•l.l 

•  l.l 

•  l.l 
•l.l 

•  l.l 

•  l.l 

•  l.l 

•  l.l 
•1*1 


|4,| 

17.4 
14.? 
I*. I 
?W7 
?*.• 

11.7 
H.  ♦ 
J4.4 
M.« 
•*.J 
•<•7 
41.? 


l*.l 
IC» 

II. I 
I?. 4 
!?.• 
II. * 
II.* 
l*ll 
17.? 
I*.* 
»•«• 
?|.« 
it  .4 
i*«4 
**•? 
?7.4 
?*«• 


C«.CI(0  I*  I)  |4C*C*  I*U«  «*'*•*  07  1«wnwr 

KM  CO-4-(>4lv-  fiao  »0  l-C-t*  7*0*  Ct4l|4  o? 


*J7| 

.400 

.•?7 

*•44 

*«•! 


»4J* 

.•>* 

•  4»l 
.4*7 
*•1? 
.*1  ? 
.••I 
*••4 

•  ?47 
.7?* 


1.7.4 

1.4.) 
1*4.1 
1*7. * 

10  4.1 
U0.7 
Mil 


l.». • 
!>•.» 
I»*»4 
I.).* 
!*•.• 
«•.? 
•l.l 

41.4 
••*1 
•♦*1 


14.4 
14. • 
11.7 


-I?.* 

•lift 

•?!•# 

•?*.4 

•24.7 

•??.• 

•14.1 

•J4.V 

•*2.4 


•  1*1 

•  l.l 

•  l.l 

•  l.l 

•  l.l 

•  l.l 
•l.l 


•  l.l 

•l.l 

•  l.l 

•  l.l 

•  l.l 

•  l.l 

•  l.l 

•  l.l 

•l.l 

•  l.l 


47.* 
47.4 
•7*7 
77.1 
7T.f 
•  1.4 
•4.7 


•  I.* 
44.* 
HI.? 

144.4 
1 1*. 4 
114.0 

114.4 
UI.4 

117.7 

171.7 


71.4 
77.7 
74.1 

77.4 
l».4 
♦t.l 
♦?.» 


»«.* 

•4.4 

**•• 

41.? 

47.0 

47.0 

44.4 

47.1 

44.7 

M.) 


ViIlWC  «•  1KK4  *•©*  «4?|«  4o^*v*t 


.7*7 
.?*» 
•  HI 


.41* 

.4*4 

.*47 


•Ml 

.*•« 

.MJ 

.*•> 

.*•4 


*.  .4  **4*| 

74.4  *4*.l 

7.  .4  •4I«* 


•l.l  174.4 
4|.l  174.0 
4|.l  1*7.4 


MIIK  *101^ 


4?.» 
*4.4 
*1. r 
74.? 
?4.4 
77.0 

10.7 
IM 


•*?•• 
•41.4 
•44.0 
«44,» 
-40.0 
•47,1 
•44.* 
•4*«4 
•4?. 4 
•44.4 
•♦l.l 


•l.l 

•l.l 

•l.l 

•  l.l 
•l.l 

•  l.l 

•  l.l 

•  l.l 

•  l.l 

•  l.l 

•  l.l 


1*7.  t 
1*7.7 
1*1.4 
1*0.7 
174.0 

174,7 

177.4 
174.0 

117.4 

170.4 
l?*.7 


41*7 

4)«l 

4*** 


44.1 

47.4 

47.4 

47.2 
*7.» 
4?.* 
01.4 

41.7 
44*4 

44.7 

44.4 


11.7 

17.7 
l*«? 
14.0 

14.4 
!*•« 
I?»7 
ll.* 

1 0.4 
M.l 
??*• 
0).* 

74.4 

74.4 
?*.* 
?*.» 

11.4 

77.? 


44.4 

74.4 
7*.» 
*1.4 
•  7,4 
4*.* 
44.7 


*0.7 
M.l 
•  1.4 
47.7 
•4.4 
47.7 
44,0 
*0.7 

4?.) 

07.» 


44.J 

*4,4 

40,0 


4?.J 

*»,4 

44.7 

44.4 

44.4 

44.4 

44.0 

44,0 

47.0 

40.4 


Figure  2t.  Continued 


73 


Equipment 

Loading  Machine.  The  beams  were  tested  in  the  NCEL  blast  simulator 
which  is  capable  of  applying  a  uniformly  distributed  static  or  dynamic  load. 
Dynamic  loads  are  applied  by  generating  expanding  gases  in  the  simulator 
from  the  detonation  of  Primacord  by  means  of  two  blasting  caps  The  rise 
time  is  controlled  by  the  holes  in  the  firing  tube,  the  peak  pressure  by  the 
amount  of  Primacord.  and  the  decay  time  by  opening  valves  which  vent  the 
gases  to  the  atmosphere.  A  system  of  baffle  plates  in  the  pressure  chamber 
assists  in  obtaining  uniform  distribution.  Static  loads  are  applied  by  admitting 
compressed  air  into  the  simulator  by  means  of  a  compressor.  A  neoprene  seal 
was  placed  on  top  of  the  beam  between  the  walls  of  the  blast  simulator  to  con¬ 
tain  the  pressure. 

The  design  capacity  of  the  blast  simulator  is  185  psi  and  the  width 
between  the  walls  is  8.1  inches.  Therefore,  the  maximum  uniform  load  that 
can  be  applied  is  about  18  kip/ft. 

The  blast  simulator  has  been  discussed  in  detail  by  Shaw  and  Allgood.33 
Since  that  discussion,  the  blast  simulator  has  been  modified  to  accept  deeper 
beams,  and  the  operating  procedures  have  been  changed  to  retard  carbon 
deposits. 

Supports.  The  supports  at  each  end  of  the  beam  provided  a  10-inch- 
long  bearing  plate  which  was  free  to  translate  horizontally  and  to  rotate  The 
beam  was  bolted  to  the  bearing  plate  and  the  beam  had  a  6-inch  overhang 
measured  from  the  center  of  the  bolt  pattern  to  the  end  of  the  beam.  Each 
of  the  two  supports  contained  a  60-kip  capacity  load  cell. 

A  cut-away  isometric  drawing  of  the  support  configuration  appears  in 
earlier  reports 14,23 

Measurements 

Instrumentation.  Measurements  were  taken  to  study  the  applied  load, 
shear  at  the  supports,  effectiveness  of  the  stirrups,  flexural  behavior  along  the 
span,  and  motion  at  midspan.  The  locations  of  the  measurements  are  shown 
m  Figures  22. 23,  and  24.  The  data  was  gathered,  recorded,  reduced,  and 
presented  by  the  NCEL  Data  Tape  System  which  is  the  subject  of  a  separate 
report.34 

Overpressure.  The  applied  load  (overpressure)  was  measured  about 
20  inches  above  the  top  surface  of  the  beam  at  three  locations  along  the  span. 
Pressure  transducer  PC2  was  positioned  directly  above  the  center  of  the  span, 
PCI  4  inches  from  the  center  of  the  east  support,  and  PC3  4  inches  from  the 
center  of  the  west  support.  Measurement  PC3  was  omitted  in  the  dynamic 
tests. 


Reaction.  The  reactions  at  the  supports  (forces)  were  measured  by 
load  ceils  RE  and  RW  located  in  the  supports  These  force  measurements, 
corrected  for  the  effects  of  the  6* inch  overhang,  were  used  to  determine  the 
shearing  force  at  the  supports 

Acceleration.  In  the  dynamic  tests  only,  accelerometer  MA  was 
attached  to  the  tsnrierdrfe  of  the  beam  at  midspan  to  measure  the  motion 
of  the  beam.  The  values  obtained  were  integrated  once  to  obtain  veloc.ty 
and  twice  to  obtain  deflection. 

Deflection.  Linear  potentiometer  MD  was  located  at  midspan  to 
measure  deflection.  The  fixed  part  was  attached  to  the  steel  cover  over  the 
blast  simulator  pit  under  the  beam,  and  the  movable  part  was  spring  loaded 
against  the  underside  of  the  beam.  Also,  a  rotating  drum  m  conjunction  with 
paper  and  pencil  was  used  to  corroborate  measurement  MD.  The  spring-loaded 
pencil  was  .attached  to  an  insert  in  the  side  of  the  beam  6  inches  up  from  the 
bottom  at  midspan,  and  recorded  on  paper  toped  to  the  rotating  drum  which 
was  attached  to  the  bottom  edge  of  the  blast  simulator  wall  and  powered  by 
an  electric  motor.  In  the  static  tests  only,  a  scale  (100  parts  to  the  inch) 
oriented  in  the  vertical  d.rection  was  attached  with  masking  tape  to  the  side 
of  the  beam  at  midspan,  and  a  surveyor's  transit  with  the  telescope  in  a  fixed 
position  was  used  to  read  the  deflection. 

Strain.  Stirrup  strains.  WS1  through  WS6.  were  measured  with  one 
electronic  strain  gage  at  each  location,  bonded  to  the  wire  in  the  vertical 
direction,  and  positioned  8  inches  from  the  top  of  the  beam.  The  stirrup 
strain  measurements  were  used  to  detect  cracking  in  shear,  trace  crack  prop¬ 
agation.  and  indicate  yielding  of  the  stirrups.  Strains  Cl  through  C4  were 
measured  with  electronic  strain  gages  bonded  to  the  top  surface  of  the 
concrete  in  the  longitudinal  direction,  one  gage  at  each  of  the  four  locations. 
Strains  CS1  through  CS4  and  TS1  through  TS4  in  the  longitudinal  steel  were 
measured  with  two  electronic  strain  gages  at  each  location  placed  diametri¬ 
cally  opposite  each  other  on  the  bar  and  wired  to  form  opposite  arms  of  a 
Wheatstone  bridge  circuit.  The  longitudinal  strain  measurements  were  taken 
at  four  locations  ( 0  a  distance  from  the  support  equal  to  the  effective  depth, 
6.  (2)  the  quarter  point.  1/4,  (3)  the  third  point,  L/3.  and  (4)  the  midpoint. 
L/2.  These  measurements  were  used  mainly  to  study  the  ductility  along  the 
span  and  to  indicate  yielding  and  failure  at  tnc  shear  compression  zone  and 
at  midspan. 
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Procedure 


Fabricating  Reinforcing  Steel  Cages.  One  cage  for  each  beam  was 
made  from  the  longitudinal  reinforcement  and  the  stirrups  using  the  following 
procedure: 

1.  Samples  of  the  6-gage  wire  were  tested  to  determine  the  material 
properties. 

2.  The  wire,  received  in  straight  lengths,  was  formed  into  box-shaped 
stirrups  by  cutting  it  to  the  required  length  and  bending  it  around 
a  pin. 

3.  Six  wi'e  stirrups  were  selected  and  one  strain  gage  was  applied  to 
each,  the  gage  being  oriented  along  the  axis  of  the  wire  and  posi¬ 
tioned  7  inches  from  the  top  of  the  stirrup. 

4.  The  longitudinal  steel  (no.  9  and  no.  7  bars)  was  labeled  for 
identification  and  cut  to  the  required  length. 

5.  Selected  coupons  of  the  longitudinal  steel  were  tested  to  determine 
the  material  properties. 

6.  At  two  locations  on  each  of  the  four  bars,  the  deformations  were 
filed  off  by  hand  to  prepare  the  surfaces  for  receiving  strain  gages. 

7.  Two  strain  gages  were  attached  to  each  filed  location;  these  gages 
were  oriented  along  the  axis  of  the  bar  and  placed  diametrically 
opposite  each  other.  The  pairs  of  gages  CS1  and  CS3  were  on  one 
bar.  and  CS2  and  CS4  were  on  its  companion  The  same  arrange¬ 
ment  was  used  for  T$1  through  TS4. 

8  The  longitudinal  steel  bars  were  placed  on  j  wooden  form  which 
positioned  them  and  held  them  firmly  in  place. 

9.  The  stirrups  were  positioned  and  then  tied  with  wire  to  the 
longitudinal  steel. 

10.  Lifting  eyes  were  made  from  no.  2  bars  and  were  tied  to  the 
longitudinal  steel  a(  each  end  of  the  beam 

11.  In  the  final  step,  the  wooden  form  w«is  removed. 
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Casting.  Thirteen  cubic  feet  of  concrete  per  batch  was  made  at  the 
casting  site  in  a  diesel  powered  mixer  of  16-ft3  capacity.  The  weights  of  the.- 
ingredients  were  carefully  measured  A  small  quantity  of  water  was  added 
if  necessary  to  obtain  the  specified  slump.  One  batch  was  sufficient  to  cast 
one  beam  and  six  associated  control  cylinders. 

The  reinforcing  steel  cage  was  positioned  in  the  sttr*  form  by  means 
of  small  hydrostone  cubes  wired  to  the  longitudinal  bars  as  spacers  against 
the  form  sides.  Steel  sleeves  were  installed  to  create  the  holes  for  the  tiedown 
belts  at  the  supports.  The  lead  wires  from  the  strain  gages  were  inserted  out¬ 
ward  through  small  holes  drilled  into  the  side  of  the  form.  Finally,  a  metal 
insert  was  positioned  for  holding  the  pencil  which  would  record  deflection. 

The  beam  and  six  test  cylinders  were  cast  by  shoveling  the  concrete 
into  the  forms  and  vibrating  it  with  an  electric  probe-type  vibrator.  Finally, 
the  top  surfaces  of  the  beam  and  cylinders  were  troweled  smooth. 

Curing.  The  beam  and  associated  cylinders  were  removed  from  the 
forms  about  2  days  after  casting  and  cured  under  wet  burlap  until  about  2 
days  before  testing.  The  burlap  was  watered  once  a  day,  5  days  a  week. 

Preparing  Specimens.  The  following  steps  were  taken  to  prepare 
each  beam  for  testing- 

t.  The  beam  was  set  out  to  dry  for  2  days. 

2.  Strain  gages  Cl  through  C4  were  bonded  to  the  top  face  of  the  beam. 

3.  The  sides  of  the  beam  were  whitewashed  to  emphasize  the  crack 
pattern  which  would  form  during  the  test. 

4.  The  sides  of  the  beam  were  lined  with  black  paint  to  indicate  the 
location  of  the  stirrups  and  longitudinal  reinforcement. 

5.  The  beam  was  positioned  and  bolted  on  the  supports,  the  assembly 
was  placed  on  wheeled  jacks,  the  lifting  eyes  were  cut  off,  and  the 
entire  assembly  was  wheeled  into  position  in  the  blast  simulator. 

6.  The  wheeled  jacks  under  the  supports  were  removed,  and  the 
supports  were  anchored  to  the  concrete  foundation. 

7.  A  strip  of  neoprene  was  placed  over  the  top  of  the  beam  to  seal  the 
pressure  chamber  of  the  blast  simulator. 

8.  T he  rotating  drum  and  pencil  were  instal  led. 

9  For  dynamic  tests  only,  transducer  MA  was  fastened.  For  static 
tests  only,  the  scale  for  visually  measuring  midspan  deflection  was 
taped  to  the  beam. 

10.  Finally,  all  electrical  connections  were  made  and  the  beam  was 
ready  for  testing  as  shown  in  Figure  25. 
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Testing.  The  varied  parameters  in  the  experiment  plan  were  load, 
concrete  strength,  and  stirrup  spacing  as  indicated  in  Table  3.  Two  concrete 
mixes  and  two  stirrup  spacmgs  were  used,  six  beams  were  loaded  dynamically 
and  six  statically.  The  beams  can  be  classified  into  three  groups,  group  I  had 
the  higher  concrete  strength  and  closer  stirrup  spacing,  group  !l  hod  the  higher 
strength  and  greater  spacing,  end  group  III  had  the  'ower  strength  and  greater 
spacing.  Within  each  group,  two  beams  were  loaded  statically  and  two  dynam 
ically.  The  beams  in  group  II  were  designed  to  be  underreinforced  at  midspan 
in  the  elastic  range  (zone  2  in  the  theory)  and  to  have  a  large  energy-absorbing 
capacity  in  the  inelastic  range  (zones  4. 5,  and  6).  Furthermore,  they  were 
designed  to  be  balanced  with  regard  to  yielding  in  flexure  and  yielding  in 
shear.  In  the  design,  the  usable  ultimate  shear  was  used  to  approximate 
yielding  m  shear.  Closer  spacing  of  stirrups  was  provided  in  group  I  to  insure 
yielding  in  flexure  and  to  study  the  influence  of  stirrups  on  ductility  in  the 
shear-compression  zone,  lower  concrete  strength  was  provided  in  group  III 
to  insure  shear  failures  and  to  study  brittle  behavior  (zones  1  and  3).  The 
ages  of  the  beams  at  the  time  of  testing  were. 


Group 

8e*m  No. 

Age (days) 

WFt 

28 

WF2 

36 

WF3 

29 

WF4 

35 

WF5 

29 

II 

WF6 

29 

WF7 

31 

WF8 

30 

WF9 

30 

III 

WF10 

31 

WF11 

29 

WF12 

31 

In  the  static  tests,  a  uniformly  distributed  load  on  the  beam  was 
gradually  and  continuously  increased  to  the  point  of  beam  collapse  or  to 
the  point  when  tne  neoprene  seal  failed  to  contain  the  additional  pressure. 
The  uniform  load  was  applied  by  admitting  air  pressure  into  the  blast  simu¬ 
lator  from  an  air  compressor.  The  amount  of  overpressure  was  monitored 
visually  with  an  Emery  pressure  gage  of  375-psi  capacity.  Measurements  of 
load,  reaction,  deflection,  and  strain  were  n  corded  with  the  NCEL  Data 
Tape  System  at  each  5-psi  increment  of  overpressure  until  an  overpressure 
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of  30  psi  was  attained:  then  an  increment  of  2  psi  was  used  until  on 
overpressure  of  90  psi  was  attained;  and  then  an  increment  of  1  psi  was 
used.  At  each  increment,  midspan  deflection  was  recorded  on  the  rotating 
drum,  and  transit  readings  of  midspan  deflection  were  recorded  by  hand,  3S 
was  the  overpressure  indicated  by  the  Emery  pressure  gage. 


Table  3.  Experiment  Plan  for  Series  F  Tests 
Constant  test  parameters' 


138  m 

A,  -  200  m2 

A,  •  00567  m.* 

7  00  m 

A;  •  *  20  in  2 

E,  *  29  2  x  10®  psi 

18  0  in. 

p  •  00182 

f„v  ■  30.000p« 

600  m. 

p*  -  00109 

o  •  90  deg 

1569  m. 

E,  ■  29  0  x  10®  psi 

L/d  •  8.79 

144  m. 

fy  •  69.000  psi 

b/d  -  0446 

Beam  No 

Load  Type- 

Group  No 

Nominal  Concrete 
Strength,  f  * 

(psi) 

Stirrup 
Spacing,  s 
(m.J 

WF1 

WF2 

static  ‘ 

1 

5.000 

3 

WF3 

WF4 

dynamic 

WF5 

WF6 

static 

II 

5.000 

■ 

WF7 

WF8 

dynamic 

WF9 

WF10 

static 

III 

3.000 

5 

WFIt 

WF12 

dynamic 

J  Static  test  loads  are  to  be  increased  slowly  from  zero  to  collapw  Dynamic  test 
loads  are  to  have  rise  times  of  2  msec  and  are  to  be  of  long  deration  with  a  peak 
overpressure  of  76  psi  in  the  blast  simulator. 
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In  the  dynamic  tests,  first  the  firing  tube  of  the  blast  simulator  was 
loaded  with  the  amount  of  Pnmacord  required  to  obtain  the  desired  peak 
overpressure,  and  the  sequence  and  deiay  time  of  the  simulator  valves  were 
set  to  obtain  the  desired  overpressure  decay  rate.  A  blasting  cap  was  then 
inserted  in  each  end  of  the  firing  tube  and  wired  to  the  master  control  cir¬ 
cuit.  Finally,  a  switch  was  closed  to  start  an  electromechanical  programmer 
which  in  torn  tl)  started  the  recording  equipment,  (2)  placed  a  time  reference 
on  the  records,  (3)  placed  a  calibration  step  pulse  on  the  records,  (4)  ignited 
the  explosive  charge,  (5)  controlled  the  opening  of  the  blast  simulator  valves, 
and  (6)  stopped  the  recording  equipment.  Continuous  measurements  of  load, 
ruction,  deceleration,  deflection,  and  strain  were  recorded  on  magnetic  tape. 
The  rotating  drum  was  switched  on  and  off  by  hand,  and  continuous  measure¬ 
ments  of  deflection  were  recorded  on  the  paper. 

After  the  test,  the  beam  was  inspected  and  removed  from  the  blast 
simulator.  The  transducers  were  removed,  the  cracks  lined  with  black  ink 
for  contrast,  and  the  beam  was  photographed  (Figures  26  through  29). 


Figur*  26.  Po*t  t**t  photograph  of  *tttic«lly  k>*d*d  boms  WF 1  end  WF2  and 
dynamically  loaded  baam  WF3. 

Findings  and  Conclusions 

Accuracy  of  the  Results.  The  accuracy  and  precision  of  experiments 
should  bo  consistent  with  those  of  the  theory  and  those  required  in  designs 
Maximum  errors  in  experiment  data  must  be  equal  to  or  slightly  less  than 
those  of  the  theory  in  order  to  prove  or  disprove  the  accuracy  of  the  theory, 
but  additional  accuracy  and  precision  are  unwarranted  and  usually  not  desir¬ 
able  in  the  interest  of  experiment  economy.  In  a  similar  manner,  differences 
in  agreement  between  experiment  and  theory  should  be  equal  to  nr  slightly 
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less  than  the  allowable  error  in  the  designs,  and  any  terms  in  the  theory 
giving  contributions  less  than  the  allowable  error  should  be  'vnitted  in  the 
interest  of  economy  in  design  procedure.  Accuracy  of  test  results  can  be 
governed  by  0)  accuracy  of  measurements  and  precision  of  data  reduction. 
12)  controls  over  specimens,  and  (3)  controls  over  testing. 
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Figure  28.  Post  test  photograph  of  dynamically  loaded  beams  Wf  7  and  WF8 
and  statically  loaded  beam  WF9. 


The  accuracy  of  measurements  and  the  precision  of  data  reduction 
are  shown  in  Table  4.  Sliderule  accuracy  in  computing  calibration  factors 
and  precision  resistances  during  pre-test  calibration  governed  the  accuracy 
of  each  channel  of  electronic  instrumentation.  Therefore,  in  each  case,  the 


estimates  error  is  ±2%  of  full  scale.  The  system  accuracy,  including  noise 
level,  and  transducer  accuracies  were  much  better.  The  precision  with  which 
the  analog-to  digital  converter  digitized  the  data  was  1  part  m  999  parts  at 
band  edge.  Thus,  in  the  case  of  force  measurements  where  band  edge  was 
set  at  80  kips,  the  estimated  error  is  i0. 1%  at  80  kips  or  tO  08  kip.  The 
scales  used  in  conjunction  with  the  telescope  and  the  rotating  drum  were 
both  100  parts  per  inch,  but  additional  error  is  estimated  for  play  in  the 
spring-loaded  pencil  which  recorded  on  paper  taped  to  the  rotating  drum. 
Measurement  of  time  on  a  given  channel  was  very  accurate  (1/105).  but 
the  coordination  between  various  channels  had  a  constant  maximum  error 
of  1 1/2  msec  which  gives  only  fair  comparisons  between  values  on  one 
dynamic  test  record  and  another  when  values  change  rapidly  with  time. 


Figurt  29.  Port  ttrt  photogr»ph  of  dynamically  loadad  tarns  WF 1 1  and  WF 12 
and  statically  loadad  baam  WF  10. 


The  controls  over  specimens  are  listed  in  Table  5.  These  controls 
represent  ability,  m  the  laboratory,  to  fabricate  the  beams  as  intended.  The 
estimated  errors  associated  with  dimensions,  proportions,  and  weight  arc  all 
within  4.2%  except  the  effective  depth  to  the  compression  reinforcement. 
d\  which  is  8.7%  This  least  accurate  dimension  is  of  little  importance  in 
the  theory  for  shear  up  to  the  point  of  usable  ultimate  shear,  and  then  it 
is  very  important  in  computing  bending  resistance  in  the  shear  compression 
zone.  The  flexural  resistance  in  the  theory  is  more  dependent  on  the  moment 
arm.  d  -  d*.  which  has  a  maximum  error  of  only  about  1%.  Tlie  material  used 
as  stirrups  was  purchased  by  special  order  to  guarantee  accuracy,  and  tests 
showed  no  more  than  5%  error  in  yield  strength  On  the  other  hand,  tests 
on  longitudinal  reinforcing  steel  coupons  and  concrete  control  cylinders 
revealed  strengths  above  the  nominal  strengths  up  to  26  and  28%,  respectively. 


For  that  reason,  the  strengths  obtained  in  the  tests  on  materials  were  used  os 
input  to  the  theory  instead  of  the  nominal  strcnqths  in  order  to  achieve  con¬ 
sistent  accuracy.  If  the  average  values  from  the  tests  are  substituted  in  place 
of  the  nominal  strengths,  the  errors  are  as  follows. 


Parameter 

Average 

Measured  Value 
fpsil 

Maximum 

Error 

fp$il 

Maximum 
Percent  Error 
(%) 

69.000 

♦2.900 

♦4  2 

70.000 

♦5.600 

<30 

5.767 

■747 

-12.9 

3.47C 

-458 

-132 

4  54  x  10® 

-0  38  x  10® 

-84 

Ec 

3  52  x  10s 

-0  29x  10® 

-8  2 

The  poorest  control,  then,  over  specimens  was  in  concrete  strength  with  a 
maximum  error  of  13  2%  obtained  from  tests  on  36  cylinders,  and  concrete 
strength  is  a  dominant  parameter  througnout  the  theory  Therefore,  in  com¬ 
paring  results  of  various  tests  in  the  experiment  plan,  better  than  13% 
agreement  in  stress  dependent  parameters  cannot  be  anticipated.  This  is 
consistent  with  required  design  accuracy  if  a  capacity  reduction  factor,  0, 
of  0  85  is  used 

The  controls  over  testing  are  listed  in  Table  6  These  arc  also 
consistent  with  other  sources  of  error  except  for  the  control  over  rise  time 
♦n  dynamic  tests.  Impulse  is  the  only  dominant  parameter  directly  dependent 
on  rise  time,  so  computed  impulse  errors  bm-d  on  overpressure  and  rise  time 
arc  given  at  10  msec  and  15  msec,  the  boundary  of  the  time  interval  over 
which  most  critical  events  were  predicted  The  impulse  error  in  percent 
decreases  with  time  after  the  rise  time  0"d  was  only  8  2%  at  10  msec  The 
errors  associated  with  controls  over  sta  ic  tests  were  all  less  than  2%. 


Table  5  Controls  Over  Specimens 


Table  6.  Controls  Over  Testing 


Parameter 

Value 

Error 

Percent  Error 
(%> 

Static  Loads 

Overpressure 

100  pm' 

*1  psi 

1.0 

Load  width 

8.1  in. 

±0  05  in. 

06 

Uniform  load 

810  IbAn. 

1 13.2  lb/>n 

1.6 

Load  length 

150  m. 

±1/4  in 

02 

Total  load* 

121  5  kips 

±2  18  kips 

18 

Total  load* 

123.1  kips 

±2  25  kips 

18 

Dynamic  Loads 

Overpressure 

76  ps/ 

±4  psi 

53 

Load  width 

8.1  in. 

1005  in. 

0.6 

Uniform  load 

615  1 1bAn. 

±36  4lb/m. 

5.9 

Load  length 

150  in. 

±1/4  in. 

02 

Tom  ioki* 

92  3  kips 

±562  kips 

e.i 

Rise  time 

2msec 

±05  msec 

25.0 

Impulse  et  10  msec' 

684  psi-msec 

±56  psi  msec 

82 

Impulse  ej  15  msec' 

1,064  psi-msec 

±76  psi-msec 

7.1 

*  Approximate  overpressure  required  to  cause  yielding  of  the  longitudinal 
tension  steel  at  midspan 

*  Includes  load  on  overhang,  but  excludes  beam  weight 

c  Includes  load  on  overhang  and  beam  weight. 

*  Approximate  overpressure  required  to  cause  flexural  failure  in  group  1 1, 
neglecting  shear. 

*  Most  of  the  critical  events  were  expected  to  occur  during  the  time  interval 
between  10  end  15  msec. 
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Summation  of  vertical  forces  in  static  tests  w<j$  used  to  confirm  the 
accuracy  of  results  in  regard  to  forces  The  poorest  agreement  between  total 
load  and  total  reaction  was  in  test  WF6,  and  the  results  at  lOpsi  increments 
of  load  for  that  test  are  listed  in  Table  1.  The  largest  difference  of  4.3  kips 
was  within  the  maximum  difference  anticipated  (4  8  kips),  and  it  was  less  than 
4%  of  the  corresponding  load  The  poorest  agreement  between  the  e:$t  and 
west  reactions  was  in  test  VVF 1.  and  the  results  at  10  psi  increments  of  load 
for  that  test  are  listed  m  Table  8.  The  agreement  between  total  load  and  total 
reaction  is  very  good,  and  the  difference  between  the  half  load  and  t**e  reac¬ 
tions  is  con$:stently  equal  in  magnitude  and  opposite  in  sign.  Thr-se  data  show 
that  friction  in  the  rollers  of  the  support  can  provide  enough  resisting  moment 
to  shift  3  kips  from  one  support  to  the  other.  This  lack  of  control  over  toiling 
is  believed  to  be  less  in  dynamic  tests  where  sudden  loading  should  help  to  free 
the  rollers 

Loads  and  Reactions.  In  two  static  tests,  the  beams  <VVF9  and  WF 10) 
were  loaded  until  they  collapsed  in  shear  as  can  be  seen  in  the  post-test  photo¬ 
graphs  (Figures  28  and  29).  In  the  other  four  static  tests  (WF  1.  WF2.  WF5, 
and  WF6),  the  neoprene  seal  failed  to  contain  sufficient  pressure  to  permit 
loading  to  the  point  of  collapse,  but  the  advanced  stages  of  shear  cracking 
evident  in  the  photographs  (Figures  26  and  27)  indicate  that  collapse  was 
nearly  achieved.  The  maximum  loads  applied  were 


Beam 

No 

Overpressure 
m  the 
Simulator 
(PSI) 

Total  load 
Between 
Supports 

(kipt) 

Remarks 

WF1 

t05 

117 

leak  in  neoprene  seal 

WF2 

100 

112 

Leak  in  neoprene  seal 

WF5 

tot 

113 

leak  m  neoprene  seal 

WF6 

102 

114 

Leak  in  neoprene  seal 

WF9 

93 

104 

Shear  collapse 

WF10 

96 

107 

Shear  collapse 

Agreement  between  the  predicted  and  measured  reactions  over  the 
full  range  of  static  loads  was  excellent.  Typical  data  is  shown  m  Figure  30, 
which  is  a  plot  of  predicted  and  measured  reactions  with  respect  to  load  for 
static  test  WF6  This  test  had  the  best  agreement  between  east  and  west 
reactions  and  the  poorest  agreement  between  the  average  reaction  and  the 
predicted  reaction.  A  static  overpressure  in  the  blast  simulator  of  90  psi 


Figure  30.  Reaction  at  support.  bearr.  WF6. 

corresponded  to  a  total  load  between  supports  of  100  6  kips,  a  load  on  the 
two  overhangs  of  10.2  kips,  and  the  predicted  reactions  at  the  supports  for 
that  load  were  55.4  kips.  The  measured  values  were: 


Beam 

No. 

Reaction,  R, 

kips) 

East 

West 

Average 

V\F1 

595 

520 

556 

WF2 

56.3 

51.4 

538 

WF5 

584 

52.1 

552 

WF6 

533 

534 

534 

WF9 

55.1 

543 

54.7 

WFtO 

569 

551 

560 

i. 

| 

| 

» 


•  • 


i 

i 
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A  bad  lot  of  Primacord  was  responsible  for  the  underloading  of  the 
beams  in  the  first  three  dynamic  tests  (WF3,  WF4,  and  WF7f.  The  other 
beams  were  loaded  as  intended.  Because  of  this  lack  of  control  over  peak 
overpressure,  the  load  measured  in  the  tests  was  used  as  input  to  the  theory 
instead  of  the  nominal  load  to  achieve  consistent  accuracy  (Table  6),  This 
deviation  from  the  experiment  plan  (Table  3)  made  peak  overpressure  a 
variable  rather  than  a  constant  in  Scries  F:  it  limited  the  comparisons  that 
could  be  made  between  tests  with  regard  to  stirrup  spacing  and  concrete 
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strength,  bjt  at  the  same  time  made  posable  some  comparisons  with  regard 
to  peak  overpressure  None  of  the  dynamically  tested  beams  collapsed,  but 
all  did  yield  at  midspan,  and  the  advanced  stages  of  shear  cracking  Tn  WF8. 
WF II,  and  VVF 12  (Figures  28  and  29)  indicate  that  collapse  was  nearly 
achieved. 

Figure  31  contains  a  plot  of  load  with  respect  to  time  for  dynamic 
test  WF8,  Data  points  in  »he  figure  labeled  "load  measured"  were  obtained 
oy  mult'plying  the  average  of  the  two  overpressure  measurements  by  the 
span,  length  (138  inches)  and  the  distance  between  the  simulator  skirts 
(8.1  inches).  The  perturbation  during  the  rise  of  the  load  at  about  40  kips 
is  due  to  the  poor  time  coordination  U 1/2  msec)  of  the  two  overpressure 
records.  It  is  not  due  to  irregularities  of  the  load  or  poor  response  cf  the 
transducers,  because  the  overpressure  records  were  "clean"  and  "responsive" 
when  studied  independently.  The  dashed  line  in  the  figure  labeled  "load 
predicted”  is  an  equivalent  load  with  a  linear  rise  of  2  msec  and  a  constant 
peak  value.  The  peak  value  was  obtained  by  equating  the  impulses  of  the 
'measur’d  and  equivalent  loads  out  to  »he  measured  time  of  maximum 
deflection.  The  equivalent  load  was  then  used  as  input  to  the  theory.  All 
dynamic  loads  had  characteristics  similar  to  the  one  in  the  figure.  The  loads 
applied  were: 


8eam 

Total  Load  Between  Support* 

(kip*) 

No 

First  Maximum 

First  Minimum 

After  First  Maximum 

Equivalent 

Maximum 

WF3 

668 

56.1 

65.3 

WF4 

67.7 

62.5 

63.4 

WF7 

716 

599 

626 

WF8 

86.1 

78  5 

81.1 

WFI1 

*0.4 

739 

77.8 

WF12 

- 

703 

76.7 

93 


Table  7„  Static  Load  and  Reaction*  for  Beam  WF6 


Table  8,  Static  Reactions  lot  8 earn  WF1 


TMTw(m«c) 


Figure  31.  Load  and  reaction  vrsus  time,  beam  WF8. 


Figure  31  also  contains  a  plot  of  the  reaction  at  the  east  support  with 
respect  to  time  for  dynamic  test  WF8.  The  line  in  the  figure  labeled  "reaction 
predicted"  is  the  locus  of  points  obtained  from  the  computer  code  using  the 
equivalent  load  and  measured  material  strengths  as  input.  The  dynamic  reac« 
tion  at  the  support  was  computed  after  each  time  increment  by  simply  adding 
the  weight  of  the  overhang  and  the  load  on  the  overhang  to  the  shear  at  the 
support  as  obtained  from  Equation  15  in  the  theory. 

ft.  »  V,  +  pbhz  +  Y  (73) 

where  R,  is  the  reaction  at  support  in  pounds  The  data  points  labeled 
"reaction  measured"  were  measured  by  the  load  cell  in  the  east  support. 

Some  of  the  disagreement  between  measured  and  computed  values  is  due 
to  unsymmetrical  modes  and  other  modes  of  vibration  not  accounted  for 
in  the  theory.  If  the  average  values  of  the  cast  and  west  reaction;,  are  plotted, 
these  effects  are  partly  filtered  and  agreement  is  slightly  improved  as  shown 
in  Figure  32.  Most  of  the  apparent  disagreement  is  experimental  data  inaccu* 
racy  due  to  the  poor  time  coordination  between  records  (±  1/2  msec),  and  a 
little  is  due  to  error  in  measuring  the  reactions  (±1.3  kips).  Thus,  errors  in 
the  horizontal  direction  in  the  plot  appear  greater  than  in  the  vertical  direc* 
tion,  and  errors  appear  greater  when  the  reaction  is  changing  rapidly  with 
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time.  The  limits  of  tl>cse  maximum  errors  are  also  shown  in  the  figure.  With 
1/2  msec  subtracted  from  and  1.3  kips  added  to  each  measured  data  point 
agreement  is  almost  perfect  except  for  the  first  few  milliseconds  and  at  times 
near  to  the  time  of  maximum  deflection  During  the  earlier  times,  the  dis¬ 
agreement  is  due  to  poor  control  over  rise  time  and  thus  the  impulse  and  to 
the  first  few  modes  of  vibration  above  the  fundamental  mode.  During  the 
later  times,  the  disagreement  is  probably  due  to  accumulated  error  in  tl»e 
numerical  integration  and  less  accurate  theory  in  the  inelastic  region  of 
response.  The  best  agreement  occurred  in  test  WF7  (Figure  33)  where  there 
was  no  disagreement  outside  the  limits  of  experimental  accuracy  for  times 
from  6  5  msec  to  the  theoretical  time  of  maximum  deflection  (13.7  msec) 
.The  agreement  between  predicted  and  measured  reactions  at  10  msec 
was  important  because  the  usable  ultimate  shear  was  predicted  to  exist  about 
that  time,  the  earliest  time  predicted  was  7.75  msec  for  test  WF12.  and  the 
latest  was  1 1.75  msec  for  test  WF4.  The  reactions  at  the  supports  at  10  msec 
in  the  various  tests  were: 


Beam 

No, 

Reaction  at  Support.  Rt 
(kips) 

Percent  Deference 
Between  Average 
Measured  Values 
and  Predicted  Values 
(%) 

East 

West 

Average 

Predicted 

WF3 

499 

46  7 

483 

508 

♦52 

WF4 

51.1 

46.1 

486 

49 1  4 

♦1.0 

WF7 

500 

494 

484 

•2  0 

•WF8 

592 

686 

623 

♦63 

WF11 

606 

585 

596 

533 

•22 

WF12 

605 

597 

601 

603 

♦03 

The  random  nature  of  the  percent  differences  between  tests  indicate  the 
disagreement  is  due  to  experimental  error  and/or  higher  modes  and  not  to 
the  predictions.  These  data  show  that  the  theory  predicted  the  shear  at  the 
support  very  well  at  the  time  of  usable  ultimate  shear.  The  largest  difference 
between  the  east  reaction  and  the  predicted  reaction  at  10  msec  w»*s  5.2% 
and  occurred  in  Beam  WF8  (Figure  31). 

Deflection  at  Midspan  in  Static  Tests.  Comparisons  between  static 
test  data  obtained  from  the  linear  potentiometer  and  those  obtained  from 
the  scale  were  used  to  confirm  the  accuracy  of  results  in  regard  to  deflections. 
The  poorest  agreement  occurred  in  tests  WF2  and  WF9.  and  the  results  at 
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10  psi  increments  of  load  for  those  tests  are  listed  in  Table  9  The  largest 
difference  of  0  07  inch  was  within  the  maximum  difference  anticipated 
(0  09  inch),  and  it  was  about  10%  of  the  corresponding  deflection.  The 
largest  difference  in  tost  WF9  was  less  than  that  of  VVF2,  but  the  percent 
difference  at  low  overpressure  was  very  large.  For  instance,  at  a  load  of 
50  psr,  the  difference  was  0  05  inch,  16  7%  of  the  corresponding  deflection 
(0  30  inch).  And  agreement  was  even  worse  at  lower  deflections.  These 
data  indicate  that  maximum  deflections  »*^c  measured  by  the  transducer 
with  suitable  accuracy,  but  deflections  less  than  0  30  inch  might  not  have 
been  adequately  measured. 


Fwjurf  32.  Average  react™  versus  time,  beem  WF8. 


Figure  34  shows  the  agreement  between  predicted  and  measured 
values  of  deflection  at  midspan  with  respect  to  load  for  static  test  WF6. 

This  test  was  chosen  as  an  example  not  because  it  had  the  best  or  worst 
agreement,  but  because  it  was  the  same  test  used  as  an  example  in  discussing 
reactions  at  the  supports.  The  agreement  in  the  other  static  tests  was  about 
the  same.  The  data  points  labeled  "measured  deflection"  were  measured 
with  the  transducer,  and  the  line  labeled  "predicted  deflection"  was  obtained 
from  the  theory  using  Nosseir's  method  of  predicting  the  spring  constant. 
This  excellent  straight-line  fit  to  curved  data  confirms  the  superiority  of 
Nosseir's  method. 


M«hp*n  OeHectiori.  v  <if»  > 


M-nni  ot  taper  imentai  accuracy 
(*05mwe>t.3kipsl 


ttieoreticel  *ime  to 

,  , . maalmum  del' .action 

(ot!*tcTK>9  failure). 

_ 1 _ i.  J _ L. 

•  9  10  11  12  13  14  IS 


Time  (mate) 


Figure  33.  Average  reaction  versus  time,  beam  WF7. 


Figure  34.  Oefltctkm  at  midspan,  beam  WF6. 
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Motions  at  Midspan  in  Dynamic  Tests.  The  most  accurate  measure¬ 
ments  of  maximum  deflection  at  midspan  in  dynamic  tests  were  made  with 
the  rotating  drum  with  pencil  and  paper  (*0  03  inch),  but  the  drum  did  not 
record  the  time  to  maximum.  The  deflection-time  histones  with  the  most 
accurate  times' to  maximum  deflection  were  obtained  by  continuous  and 
time-coordinated  measurements  with  the  linear  potentiometer  (±0  5  msec, 

1 0  08  inch),  and  histories  were  also  obtained  indirectly  by  twice  integrating 
the  acceleration  measurements  using  1/4-msec  increments.  The  maximum 
error  accumulated  with  the  square  of  time  in  the  integrations  (±0  5  msec. 

*  0.0016  inYmsec2 ).  The  integrated  accelerations  were  the  more  accurate 
from  0  to  about  7  msec,  and  then  the  directly  measured  deflections  were 
the  more  accurate. 

The  maximum  deflections  and  times  to  maximum  are  listed  in 
Table  10.  Beam  WF8  was  in  group  II,  was  loaded  with  just  slightly  more 
than  the  desired  dynamic  load,  yielded  in  flexure,  and  deflected  'well  into 
the  inelastic  regime.  The  shear  crack  was  well  developed  as  can  be  seen  in 
Figure  28.  the  beam  d.‘d  not  collapse,  and  there  was  no  disagreement  between 
measured  and  predicted  maximum  deflections.  Beam  WF 1 1  was  in  group  III, 
the  group  with  lower  concrete  strength,  was  loaded  with  the  desired  amount 
of  load,  also  yielded  in  flexure,  and  also  deflected  well  into  the  inelastic 
regime.  It  behaved  similarly  with  a  well  developed  shear  crack  (Figure  29). 
no  collapse,  and  no  disagreement  between  measured  and  predicted  maximum 
deflections.  Beam  WF  12  was  a  companion  to  WF  11  and  received  about  the 
same  amount  of  load.  Its  behavior  was  different  in  one  respect;  tne  shear 
crack  opened  enough  to  cause  a  large  shear  deformation  (Figure  29).  There¬ 
fore.  the  measured  maximum  deflection  was  about  20%  larger  than  the 
predicted  maximum  due  to  the  shear  deformation  contribution  which  is 
not  accounted  for  in  the  theory.  Any  beam  designed  to  function  this  near 
to  shear  collapse  would  certainly  not  have  strict  deflection  criteria,  so  this 
error  in  predicting  maximum  deflection  is  considered  consistent  with  allow¬ 
able  errors  in  designs.  Beam  WF7  was  a  companion  to  WF8,  but  it  received 
less  load  than  intended.  It  barely  yielded  at  midspan,  and  although  the  shear 
crack  propagated  to  the  level  of  the  compression  reinforcement,  it  did  not 
open  far  (Figure  28).  The  residual  deflection  was  small,  and  the  predictions 
overestimated  the  maximum  deflection  by  about  1 7%,  8eams  WF3  and  WF4 
were  in  group  I.  which  had  the  closer  stirrup  spacing  and  higher  concrete 
strength.  They  were  underloaded,  as  was  WF7,  and  they  also  just  barely 
yielded  in  flexure  at  midspan.  Here,  too,  shear  cracks  developed  fully,  but 
shear  deformations  were  small  (Figure  26).  Residual  deflections  were  also 
small,  and  predictions  overestimated  the  maximum  deflection  by  about  24% 
in  WF4  and  32%  inWF3. 


Maximum  Deflections  at  Mrd$t>an  in  Dynamic  Tests 


These  data  show  that  in  predicting  maximum  deflections  the  theory 
is  conservative  in  the  clastic  regime,  accurate  throuqh  a  large  part  of  the 
inelastic  regime,  and  unconservative  near  shear  failure  when  the  shear  com¬ 
ponent  of  deflection  becomes  large.  The  conservatism  in  the  elastic  regime 
is  due  mamly  to  dampi'ig,  most  of  winch  is  not  included  in  the  theory;  the 
conservative  error  duo  to  damping  is  then  compensated  for  at  a  later  time 
by  the  unconservative  error  due  to  the  changing  deflated  sha;>e  of  the  beam. 
The  change  in  shape  is  due  to  hinging  both  at  midspan  and  tlie  shear* 
compression  zone.  These  data  show  that  when  deflection  criteria  are  used 
in  design,  the  beams  can  be  designed  to  respond  to  100%  of  the  allowable 
deflection. 

Predicted  times  to  maximum  deflection  were  earlier  than  measured 
values  in  all  of  the  dynamic  tests  However,  the  errors  exceeded  15%  only 
in  the  two  tests  of  group  III  wh**rc  the  Imams  responder!  into  tin*  tor  lastic 
regime  near  to  the  point  of  collapse  in  shear.  Besides,  time  would  seldom, 
if  ever,  be  used  as  design  criteria. 

The  maximum  accelerations  and  velocities  are  listed  m  Table  11. 

The  theory  consistently  underestimated  tl>e  maximum  acceleration  and 
overestimated  the  maximum  velocity.  Tin*  initial  high  peaks  in  the  accel¬ 
eration  data  were  expected  and  are  duo  to  high  modes  of  vibration  in  the 
beam  and  also  in  the  transducer.  Since  they  ate  of  short  duration,  they 
have  only  a  small  influence  on  velocity  and  deflection.  However,  when 
acceleration  criteria  are  user!  in  design,  the  peak  accelerations  in  the  oeams 
should  be  considered;  therefore,  the  beams  should  not  be  designed  to  respond 
above  50%  of  the  allowable  acceleration.  Tim  maximum  velocity,  which 
occurs  later  when  the  acceleration  is  zero,  is  less  than  predict'd  mamly 
because  of  damping  components  not  mcfuoed  :n  the  lltcory,  and  partly  due 
to  conservative  approximations  of  spring  constant  These  conservative  approx¬ 
imations  occur  at  early  times  in  dynamic  response  just  «is  they  do  under  small 
amounts  of  load  in  static  response  (shown  m  Figure  34)  Thus,  when  velocity 
criteria  arcs  used  m  design,  the  Imams  can  be  designed  to  respond  to  100%  of 
the  allowable  velocity. 

Sample  deflection,  acceleration,  and  velocity  data  are  plotted  in 
Figures  35, 36.  and  37,  respectively  Again.  WF8  is  us<  d  as  the  example 
so  that  the  reader  can  associate  the  plots  with  those  for  load  and  reaction 
(Figures  31  and  32  )« 

The  predicted  deflechoe  plotted  in  Figure  36  along  with  measured 
data  points  ob tamed  directly  from  linear  potentiometer  rncasurementsanJ 
indirectly  from  twice  integrating  accelerometer  measurements.  Tim  moving 
part  of  the  poKii  tump -ter,  which  was  pring  load**d  to  prevent  damage  to 
the  instrument,  bouncer!  away  from  tlw*  beam  upon  initial  loading  for  5  msec 
«kv!  then  regained  contact  This  *  .«is»l  an  anomaly  of  no  consequence  since 
thei»t'-jMti‘<tatcel,,ratioodu!<iw.is  tie*  more  accurate  during  the  first  7  msr'C 
anyway 
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Table  1 1.  Maximum  Accelerations  and  Velocities  at  Mtdspan  m  Dynamic  Testa 


0  1  2  3  4  t  •  7  •  •  to  11  12  13  14  IS  1«  17  It  1*  20 

Tim*  Inwcl 

Ftfurt  37.  MicNpan  wtoeity  wma  ttmt.  b— m  WEB. 


The  acceleration  data  plotted  in  Figure  36  show  that  the  time  lag  is 
nearly  constant;  the  maximum  acceleration,  zero  acceleration,  and  maximum 
deceleration  were  all  predicted  about  1  msec  early.  If  the  data  were  time 
adjusted  by  that  amount,  agreement  would  be  very  good. 

The  predicted  velocity  is  plotted  in  Figure  37  along  with  the  data 
points  obtained  by  integrating  the  acceleration  measurements.  The  limits 
of  accuracy  of  the  experimental  data  (tO  5  msec.  1 1.6  in  /sec/msec)  are 
plotted  also  The  amplitude  of  the  predictions  is  within  experimental 
accuracy,  but  the  period  is  a  little  short,  and  the  maximum  value  is  about 
3/4  msec  early. 

Beams  WF3  and  WF4  were  companions  and  received  about  the  same 
amount  of  load.  Inspection  of  the  deflection  records  obtained  from  the 
rotating  drum  revealed  that  tlie  beams  deflected  about  the  same  amount, 

«nd  inspection  of  the  deflection  records  for  WF3  obtained  from  all  three 
methods  of  measuring  deflection  indicated  that  tlie  accelerometer  gave  low 
values  in  test  WF3.  Thus,  at  least  some  of  ttie  disagreement  between  me* 
Sored  and  predicted  velocities  in  WF3  f Table  1 1)  was  due  to  error  in  the 
measurement. 

Sheer  et  Support  In  tlie  theory,  the  shearing  force  and  resistance  at 
the  support  are  ttie  basis  of  comparison  in  determining  the  occurrence  of 
certain  critical  events.  Unfortunately,  tlie  shearing  force  could  not  be  mea¬ 
sured  directly  in  tlie  experiments.  The  next  best  tiling  was  to  measure  the 
reaction  at  the  support  and  correct  it  for  the  effects  of  the  overhang.  Thus, 
sfiear  data  was  obtained  hv  subtracting  the  lo.id  on  tlie  overhang  and  tlie 
weignt  of  the  overhang  from  the  reaction.  Since  the  overhang  was  short 
(6  inches),  the  inertia  of  the  overhang  was  neglected,  and  the  correction 
w  s  no  more  than  10%  of  ttie  shear  upon  occurrence  of  any  critical  event. 
Errors  in  making  this  conversion  are  believed  to  be  less  than  1%  of  the  shear. 
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Shear  Cracking.  Shear  cracking  was  predicted  and  did  occur  in  all  of 
the  tests.  The  measured  and  predicted  values  of  tin?  load  and  tlie  shear  at  the 
support  upon  shear  cracking  for  each  of  the  static  tests  are  listed  in  Table  12, 
In  general,  the  data  show  that  predicted  values  were  within  or  near  to  the  . 
confidence  limits  of  the  experimental  data,  and  rite  agreement  between 
experiment  and  theory  w3s  within  15%  The  only  difference  exceeding  15% 
was  a  conservative  difference  ( 18%)  between  the  predicted  and  measured 
shear  in  WF2.  Considering  all  of  the  data  in  the  table,  the  maximum  uncon* 
servMive  difference  was  only  4%. 


T«pl«  12.  loads  and  Shears  Upon  Shear  Oracling  m  State  Tests 


Baam 

No. 

Cracking  Load,  Pe 

Cracking  Shear  at  Support.  VK 

Manured 

(kips) 

Predicted 

(kips) 

Difference 

Measured 

(M*) 

Predicted 

(kips) 

Difference 

09 

Percent 

Percent 

Wfl 

50 1 9 

52 

♦2 

♦4 

2912 

27 

-2 

-7 

Wf2 

61 1 4 

52 

-9 

-15 

33 1 2 

27 

*6 

-18 

WPS 

5216 

51 

-1 

-2 

30  t  2 

26 

-4 

-13 

Wf6 

4612 

50 

♦2 

♦4 

2512 

'  26 

♦1 

♦4 

WF9 

46t5 

40 

-e 

-13 

22 1 2 

21 

-1 

-5 

WHO 

42 1 3 

42 

0 

0 

24t2 

22 

*2 

-8 

The  measured  and  predicted  values  of  the  time  and  tl>e  shear  at  the 
support  upon  shear  cracking  for  each  of  the  dynamic  tests  are  listed  in 
Table  13.  Predicted  values  of  both  time  and  shear  were  conservative  in  all 
of  the  tests.  The  differences  between  measured  and  predicted  shears  ranged 
from  1 1%  in  WF3  to  36%  in  WF 12.  The  conservatism  with  regard  to  WF7, 
WF8.  WF11.  and  WF  12  was  at  least  partly  due  lo  the  upper  limit  of  1.74 
applied  to  the  increase  in  diagonal  tension  strength.  {Sec  Equation  3  U 
The  data  from  the  static  and  dynamic  tests  indicate  that  a  capacity 
reduction  factor  of  0.85  would  be  adequate  in  design  with  regard  to  shear 
tracking. 

Shear  crock  formation  was  detected  by  the  strains  in  the  stirrups, 
strains  which  were  small  prior  to  cracking  and  increased  rapidly  when  the 
beam  cracked  in  shear.  The  strain  in  the  adjacent  stirrup  when  the  shear 
crack  forms  was  estimated  with  the  assumptions  that  ( 1)  tlie  diagonal  tension 
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stress  trajectory  in  the  concrete  was  oriented  45  degrees  from  the  axis  of  the 
stirrup.  (2)  the  modulus  of  elasticity  of  the  concrete  in  tension  (E,)  is  3  x  106 
psi.  and  (3)  the  mid-depth  location  of  the  strain  gage  is  sufficiently  near  to 
the  crack.  The  elevation  of  the  strain  gage  is  not  a  problem  for  two  reasons: 
(1)  the  crack  propagates  to  mid  depth  instantaneously  for  practical  purposes, 
and  (2)  upon  cracxmg.  the  strains  become  dist-ibuted  somewhat  evenly  over 
the  stirrup  length  instead  of  being  localized  The  tests  on  control  cylinders 
associated  with  WF2  determined  the  tensile  strength  of  the  concrete  (fj)  to 
be  575  psi;  therefore,  the  strain  in  the  concrete  in  diagonal  tension  upon 
cracking  (e‘)  in  test  WF2  was  approximately 

*:  *  4  *  578  -  192  X  IO-*  In./in. 

'  E.  3*10* 

and  the  corresponding  strain  in  the  stirrup  was  approximaiely 

«.  «  C,'iin450  .  .  13*«10  «  In./In, 

This  can  be  expressed  as  percent  strain  as  follows: 

«,  •  0  0131%  - 

The  strains  in  the  stirrups  in  static  test  WF2  are  plotted  in  Figure  38, 
and  the  strain  at  which  the  shear  crack  formed  (computed  above)  is  also 
shown  in  the  figure.  The  measured  cracking  load  data  given  in  Table  12  was 
obtained  from  plots  like  this  one.  and  the  confidence  limits  given  with  the 
data  were  based  on  estimated  accuracy  in  measuring  strain,  estimating  (tie 
strain  at  which  the  shear  crack  forms,  and  load  application.  The  confidence 
limits  tend  to  be  narrow. .  when  the  slope  of  the  plotted  line  is  greater.  Only 
two  anomalies  occurred  in  the  36  stirrup  strain  measurements  made  in  the 
static  tests.  One  of  these,  strain  WS6  in  beam  WF6.  can  be  seen  in  Figure  39. 
This  could  have  been  a  bad  strum  gage,  but  closo  examination  of  the  data 
reveals  that  it  could  have  been  a  damaged  stirrup,  perhaps  damag'd  during 
casting  of  the  be.im  In  analyzing  this  data,  the  shear  crack  formation  was 
presumed  to  lx*  detected  by  strain  gage  WS3.  Thu  oilier  anomaly  was  similar 
in  character,  but  much  smaller  m  magnitude. 

Strain  yayu*  iS5  in  dynamic  test  WF1 1  did  not  produce  a  meaningful 
record;  the  other  c  j  strain  gages  in  dynamic  tests  produc'd  good  records 
with  no  anomalies.  Tin.*  strains  in  the  stirrups  in  dynamic  test  WF8  are 
plotted  in  Figure  40.  and  the  strain  at  which  the  shear  ciack  formed  is  also 
shown  in  the  figure.  The  dynamic  increase  in  tensile  strength  was  accounted 
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for  in  estimating  the  strain  by  (1)  assuming  the  modulus  to  be  3  x  10®  psi. 

(21  using  the  slope  of  the  strain-time  curve  averaged  over  1  msec  as  the 
strain  rate,  (3)  computing  the  approximate  stress  rate  frgm  the  strain  rate 
and  the  modulus.  (4)  entering  the  plot  in  Figure  19  with  the  stress  rate  and 
obtaining  the  dynamic  increase  coefficient,  C,,  and  then  15)  applying  the 
coefficient  to  the  same  method  used  for  static  data  as  described  above.  Thus, 

e¥  *  Ci  «t*  tin  45°  *  ^yJ-fn./ih. 

The  measured  times  of  cracking  given  in  Table  13  were  obtained  in  this 
manner. 


**ure  M.  Strain  of  ttirru*',  beam  WF2. 
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Table  13,  Time*  and  Shears  Ui>on  Shear  Cracking  m  Oynanuc  Tats 


No 

T.mc  ot  Shc<r  C',«.k<o>| 

mm 

uklS'NWf  VK 

McMuffd 

P*«d«cwri 

lm*c) 

OiUerano* 

HUS 

EQ 

IS 

BBS. 

Wf  3 

7601200 

725 

U)26 

-3.3 

36  « 

3»e 

3«t 

-iaa 

WM 

a/61 1.7S 

750 

*t.?5 

»!4  3 

404 

3?,J 

-a.» 

-700 

Wf7 

10  50  1  076 

750 

-300 

-78  6 

437 

3»J8 

.174 

.354 

wm 

826*075 

675 

-7  00 

>24? 

»-6 

314 

•K.I 

-205 

WflJ 

7,75  *  0  76 

6.0 

-t  75 

.72  6 

41 1 

77  6 

*  14  7 

-34.0 

Wf  1? 

7  2510.76 

575 

.160 

-70  7 

426 

717 

-IU3 

*360 

Tlic  strain  gages  wlucft  detected  shear  cracking  in  the  beams  were 


Dynamic  Iwt  No 

Gage  No 

wr3 

WS3 

Wf  4 

WS3 

WF7 

WS3 

WF8 

WS 2 

WF  1 1 

WS3 

WF  12 

WS4 

Statu  left  No, 

Gage  No 

WF1 

WS2 

WF2 

WS2 

WF5 

WS3 

Wf  6 

WS3 

'  Wf9 

WS3 

WHO 

WS3 

These  data  show  that  the  crack  initiated  tit  about  1(40  same  location  in  aH  of 
the  tests,  and  that  the  initiation  point  was  not  very  sensitive  to  changes  in 
loading  rate. 

The  vertioil  position  cl  the*  initiation  point  was  assumed  to  be  between 
thef'Vi*!  of  the  tension  loinforcorneni  and  tl*i  midhcight  (h/2)  of  the  beam, 
lliereforo,  the  distances  from  tf»e  center  of  tfie  supimrl  to  tt**  main  $h«>ar 
«r.n‘h  at  both  tl>esel*vtfsvverejTV‘asurid  wdha  tape  after,  testing,  and  da* 
tn*>  «oretri«i)tS  wi  re  compan-d  wdfi  ttr*  <liM,»t«x*  to  the critical  section  (x{)  , 
|/fi,r|ict**<|  in  the  theory  The  me.iNUnd  and  fin -diet'd  value* can  be  seen  hi 
1  jW»  14  The  iifiiktid  vafu«*s  are  betw**  n  tl*  rm  nyircd  vahn-s  for  four  of 

stalu  KMsumj  thrueof  the  su  dominie  t^ls.  The  vnfoos <xnsi(]e ore 
»-*>?  tar  The  predicted  Values  were  uly> comp.ifod  with  average  values  of  the 
i ,v*  m»  tisan-m*  ms.  This  was  doin'  to  debt  t  trends  in  differ*  tux  s  botwn  « 
stahv  ued  dynamic  behavior,  Tl«>  acetiMCy  arid  precision  was  about  0 1  b 
m  it'*  lot  static  ti*sts  and  -5*3  incfies  for  dynamic  tests  Tf»edata  m 
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dynamic  tests  are  just  as  precise  as  m  static  tests,  but  tin;  agreement  between 
experiment  and  theory  is  not  as  accurate,  predicting  d -stances  5  incites  shorter 
than  measured. 


Usable  Ultimate  Shear.  Tie  beams  were  predicted  to  respond  beyond 
the  usable  ultimate  shear  m  all  of  t  e  i**st&.  and  tl>e  usable  ultimate  shear  was 
reached  in  all  except  WF3.  Beam  V  F3  was  in  group  I.  which  had  the  h.yu*r 
concrete  strength  and  closer  stirrup  spacing,  was  tested  dynamically,  and  w<is 
underloaded-  The  stirrups  in  tension  and  concrete  in  compression  remained 
elastic. 

The  measured  and  predicted  values  of  the  load  and  the  shear  at  the 
support  upon  reaching  the  usable  ultimate  shear  for  each  of  the  static  tests 
are  listed  in  Tabk*  15  Agreement  b  tween  experiment  and  theory  w.is  within 
15%  except  for  WF5  where  the  predictions  were  very  conservative  (3/%  with 
regard  to  shear).  Considering  all  of  the  data  m  the  table,  the  maximum  uncon- 
servative  difference  was  only  6%. 


Tabic  14.  Distances  From  the  Supports  to  tht  Critical  Sections 


Test 

No. 

Distance.  xc  (m.) 

Meesured 

Predicted 

Difference 

a 

k 

Average 

Static 

WF1 

<« 

22 

19 

■■ 

WF2 

It 

16 

14 

WF5 

mm 

22 

15 

WF6 

M 

24 

16 

15 

-1 

Wf  9 

mm 

16 

12 

17 

♦5 

wrio 

U 

19 

14 

16 

♦2 

Dynamic 

Wf  3 

te 

20 

18 

WM 

-6 

WF4 

17 

22 

20 

•8 

Wf  7 

13 

23 

18 

-6 

Wf  8 

tt 

21 

16 

13 

-3 

WF11 

to 

23 

17 

14 

•3 

WF12 

1« 

23 

20 

14 

-€ 

*  Measured  at  the  level  of  the  tension  reinforcement. 

*  Meeaufed  at  midheight  of  the  beam  (h/2). 
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Table  15.  toads  and  Shears  Upon  Reaching  Usable  Ultimate 
Shear  m  Static  Tests 


Uc*n 

No, 

Usable  Ultimate  Load,  Pu 

Uub*v  UlnmaUf  SJ>edf  at  Support,  Vm 

MeauKud 

(k«Ml 

IVodtciud 

Oitterenut 

M<vju»ed 

PmKivd 

<k*psl 

0>«eran« 

Q 

^21 

WFt 

823 

131 

•7  3 

■a 

44.1 

33.3 

>58 

-112 

Wf? 

794 

■39 

>51 

■39 

41  7 

380 

-3  7 

WFS 

SB  3 

131 

-34  1 

•34  7 

523 

329 

-194 

-371 

Wf  6 

6t  5 

■39 

♦20 

♦32 

309 

326 

♦1? 

♦55 

WF9 

629 

■39 

-90 

.14  3 

325 

27  8 

-47 

-14  5 

Wf  10 

596 

mm 

*59 

-9  9 

31  4 

28  6 

-28 

-89 

Tfie  measured  and  predicted  values  of  Hie  time  of  usable  ultimate  shear 
and  the  usable  ultimate  shear  at  the  support  for  each  of  the  dynamic  tests  arc 
listed  in  Table  16,  The  dynamic  usable  ultimate  shear  resistance  was  predicted 
just  as  precisely  as  the  dynamic  sliear  cracking  resistance.  and  even  a  little  more 
accurately.  The  difference  between  measured  and  predicted  shears  ranged  from 
an  unconservative  6%  in  WF4  to  a  conservative  29%  in  WF8 

The  data  from  the  static  and  dynamic  tests  indicate  that  a  capacity 
reduction  factor  of  0.85  would  be  adequate  in  design  with  regard  to  usable 
ultimate  shear. 

The  usable  ultimate  shear  resistance  was  governed  by  yielding  of  tl»e 
stirrups  in  all  of  the  tests,  and  not  to  dowel  failure  Statically  tested  beams 
WF9  and  WF 10  collapsed  in  shear,  but  at  loads  about  40%  higher  than  the 
usable  ultimate.  The  strains  in  the  stirrups  in  static  test  WF2  are  plotted  in 
Figure  38,  and  the  yield  Strain  (0. 103%)  is  shown  also  In  the  plot  of  stirrup 
strains  for  dynamic  test  WF8  (Figure  40),  the  dynamic  yield  strain  is  shown 
for  each  of  tin#  stirrups.  The  dynamic  increase  in  stirrup  yield  strain  was 
accounted  for  by  ( 1)  using  tlie  slope  of  the  strain- time  curve  averaged  over 
1  msec  as  the  strain  rate,  (2)  entering  flic  plot  n  Figure  17  wiln  the  strain 
rate  and  tlm  static  yield  stress  and  obtaining  the  dynamic  increase  coefficient. 
Cj,  and  (3)  applying  the  coefficient  to  the  static  strain  as  follows 

**,  •  C,<„  •  0.103  C,  % 
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Flexural  Yielding.  Theoretical  data  for  flexural  yielding  at  midsoan 
were  calculated  for  all  of  the  beams,  even  though  some  of  the  beams  were 
predicted  to  fail  in  shear  without  flexural  yielding.  The  theoretical  and 
measured  loads  and  shirrs  upon  flexural  yielding  in  static  tests  are  listed 
in  Table  17,  The  agreement  w*s  excellent.  The  largest  difference  between 
experiment  and  theory  was  7%  in  regard  to  load  in  WF5.  The  theoretical  . 
and  measured  time  of  flexural  yielding  in  dynamic  tests  and  the  shear  at 
that  time  are  listed  in  Table  18.  These  data  are  less  precise  than  the  static 
data,  but  on  the  conservative  side.  The  largest  unconservative  difference 
was  only  5%  in  regard  to  shear  in  WF 12,  The  theoretical  times  to  flexural 
yielding  were  early,  as  was  the  case  in  all  the  dynamic  data,  and  the  shears 
were  very  conservative  (30%  in  WF3).  as  were  the  velocities  and  deflection, 
in  the  underloaded  beams  of  group  L  The  reasons  for  this  conservatism 
were  given  m  the  discussion  on  motions  at  midspan. 


Tabla  17.  loads  and  Shears  Upon  Flexural  Yielding  at  Midspan 
m  Static  Tasts 


Beam 

No. 

Load  Which  Produced 

Flexural  Viaklinq  at  Mtdtpan 

Shear  at  Support  Upon 

Flexural  Yielding  ai  Mxhpun 

Theoretic* 

Pupal 

D*M*r*nc* 

Maaaurad 

ifcmil 

Theoretical 

<fc«> 

Oilftfanc*  | 

nips) 

WF1 

lilt 

116.1 

♦1.3 

1  I 

584 

-1/1 

WF2 

105.9 

110  7 

Q 

♦45 

Ell 

55.2 

♦  16 

WF5 

1070 

1I4J 

BAJ 

♦74 

55.6 

54.2 

♦1.5 

*29 

Wft 

112  2 

1163 

♦3.1 

♦2  7 

55-0 

MM 

♦34 

♦&? 

WF9 

4 

1122 

4 

4 

b 

b 

b 

Wf  10 

106 1* 

1103 

♦45 

♦43 

-0 

♦2  0 

♦37 

4  CoiUtnwJ  m  (hear  wiihcul  under  a  o>  103 7 

*  CoHwned  w*  W#  MHt/iout  4l  md«Mn  vvawn  M«  »hoar»nq  lore*  at  Hw 

mwki  hkM  52  4  h*« 

(  CoHapaad  m  mm  wmIm  a  iwd  ot  100. 1  l<w  just  **» Uv  <lw  m  Utimt 

J  CtfHup«ed  m  mm  Jft*  VMM*  Ilf  >o» »  ai  Vm  support  rwchad  54  7  k«t  jv*i 
X*urHv  alter  ywKMe  m  llexure. 
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Sheer  Yielding.  Shear  yielding  occurred  as  predicted  by  yielding  of 
the  stirrups  in  all  of  the  static  tests.  Therefore,  sliear  yielding  coincided  with 
usable  ultimate  shear,  and  the  values  in  Tabic  15  apply  to  sliear  yielding  as 
well  as  to  usable  ultimate  sliear  The  strain  gages  located  at  the  quarter  point 
and  third  point  along  the  span  on  the  concrete,  compression  steel,  and  tension 
Steel  indicated  that  yielding  did  not  occur  at  those  locations  However,  the 
beams  were  not  loaded  to  collapse  m  four  of  tl»e  tests,  and  targe  strains  in  the 
concrete  indicate  that  yielding  might  have  occurred  if  additional  load  had  been 
applied. 

Shear  yielding  was  predicted  to  occur  by  yielding  of  the  sliear 
compression  zone  in  all  of  the  dynamic  tests.  This  did  not  happen.  Shear 
yielding  did  not  occur  at  all  in  WF3  and  occurred  by  yielding  of  tlx;  stirrups 
in  the  other  tests.  Therefore,  shear  yielding  coincided  with  usable  ultimate 
sliear,  as  it  did  in  the  static  tests.  The  sliear-compression  zone  yielded  in  tests 
WF8.  WF 1 1.  and  WF 12.  but  a  short  time  after  tlte  stirrups  yielded 

Theoretical  and  experimental  distances  from  the  center  of  the  support 
to  the  si  ear-compression  zone  (xH)  are  presented  in  Table  19,  The  experimen¬ 
tal  distances  were  measured  at  the  level  of  the  compression  reinforcement. 
Agreement  was  poor,  and  static  test  agreement  was  no  better  than  dynamic 
test  agreement.  The  distances  could  not  be  measured  accurately  because  the 
cracks  were  nearly  horizontal  at  tlie  level  of  the  compression  reinforcement, 
and  local  conditions  adjacent  to  the  steel  bars  probably  influenced  the  pattern 
of  cracks. 

In  summary,  shear  yielding  predictions  were  accurate  m  the  static  case 
and  conservative  in  the  dynamic  case.  This  fs  consistent  with,  flexural  yielding 
predictions  which  were  also  accurate  m  the  static  c^se  and  slightly  conservative 
in  the  dynamic  case.  The  conservatism  in  the  dynamic  predictions  with  regard 
to  shear  was  greater  than  that  with  regard  to  flexure;  therefore,  the  theory 
contains  some  safety  in  insuring  the  development  of  the  ultimate  flexural 
resistance  of  beams,  and  premature  shear-compression  yielding  is  not  likely. 

Flexural  Failure.  The  theoretical  time  to  flexural  failure,  neglecting 
sliear  and  bond,  was  just  prior  to  the  theoretical  time  of  maximum  deflection 
for  tests  WF8.  WFlI.and  WF12.  The  beams  deflected  to  or  beyond  tlx.* 
theoretical  maximum,  did  not  collapse,  and  did  not  fail.  Theoretical  flexural 
failure  was  not  readied  in  the  calculations  for  the  other  three  dynamic  tests, 
and  the  beams  did  not  fail. 

No  flexural  failures  were  anticipated  in  static  tests,  and  none  occurred. 

Shear  Failure.  Statically  loaded  beams  WF9  and  WF10  failed  and 
collapsed  m  shear  when  the  stirrups  faded  to  contain  tlie  longitudinal  tension, 
reinforcement  under  shears  mud»  greater  than  the  usable  ultimate  $<  tears  and 
just  prior  to  yielding  of  the  concrete  at  the  location  of  strain  gage  C2  (quarter 


117 


point).  Further  classification  of  the  failures  could  not  be  made  because 
0)  it » not  known  whether  the  stirrups  ruptured  before  or  after  dowel  failure, 
and  (2)  >t  is  not  known  whether  or  not  the,  limit  strain  of  0.003  m  /in.  was 
reached  at  points  between  gaqe  locations. 


Table  19  Distances  F rom  the  Supports  to  the  Shear  Compression  Zones 


Test 

Oistance.  xu  (tn.) 

No 

Measured* 

Predicted 

Difference 

Static 

WH 

34 

51 

♦17 

WF? 

28 

51 

*23 

WF5 

35 

56 

♦21 

WF6 

40 

56 

♦16 

WF9 

24 

57 

♦33 

WF10 

27 

57 

♦30 

|  Dynamic 

WF3 

a 

44 

a 

WF4 

» 

45 

a 

WF7 

34 

50 

♦16 

Wtb 

40 

50 

♦10 

WFI1 

35 

55 

♦25 

WFt? 

40 

56 

♦  16 

J  Measured  at  the  level  o(  the  compression  reinforcement, 

*  Visible  a*  I.  did  not  roach  the  level  of  the  tomi*«non  reinforrement. 


The  predicted  failure  loads  and  shears  and  the  maximum  measured 
loads  and  shears  in  the  static  tests  are  listed  m  Tahiti  20.  The  predictions 
worn  conservative,  the  least  I*  im|  17%  in  WF9,  winch  failed,  and  the  most 
being greater  loan  33V.  m  Wf  I.  which  did  not  fail. 

The  do  la  for  lots  WF9  .aid  WF  10  indicate  |h»  need  for a limit  to 
trv*  area  of  web  r«  inforcemem  as>|iven  in  Equation  4a  and  as  applied  to 
Equations  36  and  37.  The  lower  limit  (O.OOlbbs)  was  0.0525  in.2  and  the 
area.  Ay.  w.is  0  0567  »o  7  (nearly  equal  to  the  limit),  and  sftoar  failures 
Occurred  at  tlie  threshold of  yielding  m  the  shear-compression  /one.  It  is 
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believer!  that  smaller  areas  would  influence  containment  of  the  longitudinal 
steel  more  than  yielding  of  tlie  shear-compression  /or,',  thus,  the  conserva¬ 
tism  of  the  predictions  would  be  reduced,  and  shear  failures  would  be  brittle 
rather  than  ductile. 

Shear-compression  failures  were  predicted  for  dynamic  test  WF7  at 
the  time  of  maximum  defltxtion  and  tests  WF8.  WF 11.  and  WF 12  shortly 
before  the  time  of  maximum  deflection.  The  predicted  maximum  deflections 
were  reached  in  the  tests,  and  no  failures  occurred  indicating  that  the  predic 
tions  with  regard  to  failure  were  conservative.  Shear  failure's  were  not 
anticipated  in  the  other  tests,  and  none  occurred 

Ductility  Along  th«  Span.  The  beams  in  group  I  (Table  3)  had  the 
higher  concrete  strength  and  closer  stirrup  spacing.  All  were  loaded  to  flexural 
yield,  but  not  far  beyond  Stroms  at  rmdspan  plotted  through  /one  2  and  into 
/one  4  (Figures  41. 42,  and  43).  indicating  underreinforced  conditions  with 
strain  ratios  no  more  than  50%  of  the  balanced  condition.  Strom*  at  tt»e  third 
and  guar  tor  points  plotted  completely  within  /one  2  at  about  50%  of  balance 
even  though  shear  cracking  occurred  in  all  the  tests  and  stirrups  yielded  in 
three  of  them.  There  was  no  appreciable  ch.ingn  in  the  ductility  (percent  ol 
balanced  conditions)  with  change  m  loading  rate  as  can  be  seen  by  comparing 
the  plots  m  Figures  42  and  43.  however,  a  change  m  shoar  crack  location  in 
the  statically  tested  beams  influenced  tlie  strains  at  the  quarter  point  as  can 
bo  seen  by  comparing  the  plots  in  Figures  41  and  42.  The  shear  crack  was 
further  inboard  in  WF1  (Table  14  and  Figure  26)  causing  a  reduction  in  con¬ 
crete  strain  af ter  the  stirrups  yielded  (Figure  41).  The  plot  for  WF3.  not 
shown,  was  similar  to  the  one  for  WF4. 

The  beams  in  group  II  had  the  higher  concrete  strength  and  further 
stirrup  spacing.  Since  they  had  less  web  reinforcement,  ttiey  were  expected 
to  be  more  shear  sensitive  than  group  I.  In  the  static  tests  and  dynamic  test 
WF7.  the  beams  were  loaded,  as  in  group  I.  to  flexuial  yield,  but  not  far 
beyond.  Strain  at  imdspan  again  plotted  through  /one  2  and  into  /one  4 
(Figures  44  and  45).  indicating  undcrreinforccd  conditions  with  strain  ratios 
about  50%  of  the  balanced  condition.  The  flexural  ductility  at  ttie  quarter 
points  and  third  points  were  disturbed  upon  yielding  of  tlie  stirrups  (shear 
viyldmg)  in  static  test  WF6  and  dynamic  test  WF7.  but  to  a  lesser  degree  m 
the  dynamic  test  as  can  he  seen  by  comparing  the  plots.  Beam  WF6  befiavcd 
like  WF  1  in  that  the  concrete  strain  was  reduced  at  the  quarter  point  after 
shear  yielding,  but  WF7  behaved  differently  in  that  the  concrete  strain 
increased  abruptly  upon  shear  yielding.  Beam  WF6  appeared  to  be  well 
balanced  with  regard  to  shear  and  flexure  and  with  rogard  to  ductility  at 
the  shear-compression  /one.  The  plot  for  static  test  WF6  is  nearly  identical 
to  the  hypothetical  plot  (Figure  15)  discussed  m  presenting  the  theory. 
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Shear  cracking  and  shear  yielding  occurred  with  both  the  midpoint  and  third 
point  plotting  in  zone  2.  which  indicates  ductility  in  shear  at  the  critical  sec 
tion;  then  the  third  point  curve  approached  the  balance  point,  common  to  all 
zones,  when  the  beam  yielded  at  midspan  by  yielding  of  the  tension  steel, 
which  indicates  balanced  conditions  at  the  shear  compression  zone  and  due* 
tihty  at  midspan.  This  is  considered  the  most  economical  design.  The  plot 
for  WF5.  not  shown,  was  similar  to  the  one  for  WF6.  but  indicated  slightly 
greater  ductility  at  all  gage  locations.  The  beam  barely  yielded  at  mklspan 
in  dynamic  test  WF7;  therefore  the  velocity  was  nearly  zero  at  the  time  of 
yielding,  and  the  dynamic  yield  strain  of  the  steel  was  approximately  equal 
to  the  static  yield  strain.  A  much  larger  dynamic  load  was  applied  to  WF8; 
the  yield  strain  of  the  steel  was  increased  as  shown  m  Figure  46.  but  the 
ductility  at  midspan  was  changed  little.  »f  any.  The  curve  representing  the 
quarter  point  "jumped  up"  after  shear  cracking,  readied  a  maximum  at  shear 
yielding,  and  then  went  down,  ending  with  the  concrete  »n  tension.  The  curve 
representing  ttie  third  point,  which  is  near  tin?  shear  compression  zone,  plotted 
linear i ly  at  about  50%  of  the  balanced  condition  during  much  ol  the  strain 
history  and  then  turned  rapidly  upward  passing  right  through  the  dynamic 
balance  point  into  the  /one  above.  The  results  of  the  group  II  tests  indicate 
that  flexural  ductility  can  be  maintained  at  the  shear-compression  zone,  and 
the  sequence  of  events  in  the  concept  of  ductility  along  the  span  can  be  pre¬ 
dicted  by  the  theory. 

The  beams  in  group  III  had  the  lower  concrete  strength  and  greater 
stirrup  spacing,  and  were  included  m  the  experiment  plan  to  insure  shear 
failures,  thus  providing  data  which  would  bracket  the  threshold  of  slicor 
failure.  The  statically  tested  beams  did  fail  in  shear,  just  prior  to  yielding 
at  midspan  m  WF9  and  just  after  yielding  at  midspan  in  WF 10.  See  T  able  1 7. 
By  comparing  plots  (Figures  44  and  47).  one  can  see  that  reducing  the  con¬ 
crete  strength  had  little  effect  on  ductility  at  midspan,  but  a  large  effect  on 
ductility  at  both  the  critical  section  and  the  shear-compression  /one.  The 
lower  strength  caused  earlier  cracking  and  yielding  in  shear  and  increased 
the  slopes  of  the  curves  for  the  third  and  quarter  points  after  shear  cracking. 

In  general,  this  decreased  shear-compression  ductility  throuqh  nearly  ad  the 
strain  history.  The  quarter  point  in  WF9  (Figure  47)  became  brittle*  as  the* 
curve  passed  into  zone  1.  This  did  not  happen  in  WF  10.  not  shown,  but  it 
was  approached.  Test  WF  10  was  also  different  in  Dial  ttie  yield  strain  of 
the  steel  at  midspan  was  reached  just  prior  to  shear  failure.  By  comparing 
plots  of  dynamic  test  data  (Figure's  46  and  48).  one  can  see  that  reducing 
the*  concrete  strength  hod  effects  similar  to  those  in  ttie  static  tests.  The 
load  was  not  sufficient  to  cause  failure  in  dynamic  test  WF  12  (Figure  48). 
and  behavior  was  similar  to  the  comparable-  dynamic  test  of  group  II 


(Figure  46).  The  mam  differences  were  earlier  occurrence  of  shear  events, 
increased  slope  with  regard  to  tl>e  third  point,  and  brittle  behavior  in  /ones 
1  and  3  at  the  $heir-comprt>$sion  /one  The  plot  for  Wc  1 J,  not  shown,  was 
similar  to  the  one  for  WF 12.  except  that  tlw>  curve  for  ttie  third  point  did  not 
quite  reach  the  brittle /ones. 
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Summary.  The  concept  of  ductility  along  the  span  was  studied  with 
emphasis  on  the  difference  between  static  and  dynamic  behavior.  Strains 
were  attained  in  all  six  rones,  but  straining  of  the  midspan  tension  reinforce¬ 
ment  in  rone  4  was  less  extensive  than  anticipated.  Balanced  conditions  were 
attained  at  the  shear  compression  rone  at  the  time  of  yield:ng  at  midspan  in 
the  group  II  dynamic  tests.  Yielding  in  shear  and  flexure  but  no  failures  were 
obtained  in  dynamic  tests.  The  differences  between  static  and  dynamic  histories 
of  strain  ratio  were  rather  small  indicating  that  no  additional  design  criteria  are 
needed  to  insure  suitable  ductility  in  flexure  at  the  shear-compression  rone  in 
dynamic  designs.  The  threshold  of  failure  due  to  small  areas  of  web  reinforce¬ 
ment  was  studied,  and  the  minimum  area  was  found  to  be  most  critical  at  low 
concrete  strength  and  for  the  static  case.  1 1  appears  that  the  minimum  area  of 
web  reinforcement  specified  by  the  ACI  Code  should  be  applied  in  static 
designs  and  is  adequate  for  dynamic  designs  as  well. 

The  theory  predicted  occurrence  of  shear  cracking,  usable  ultimate 
shear,  shear  yielding,  and  flexural  yielding  for  the  static  and  dynamic  cases 
well  within  normal  engineering  accuracy.  Since  all  unconservative  differences 
between  theoretical  and  experimental  Shear,  at  the  times  of  those  events,  were 
less  than  15%.  a  capacity  reduction  factor  of  0.85  in  design  is  adequate  for 
static  and  dynamic  desiyis.  Predictions  of  shear  and  flexural  failure  were 
conservative."  Predictions  of  maximum  acceleration  were  unconservative 
mainly  due  to  high  modes  of  vibration  not  included  in  the  theory,  and  pre¬ 
dictions  of  maximum  velocity  were  conservative  mainly  dux  to  damping 
components  not  included.  Predicted  deflections  were  unconservative  only 
when  shear  yielding  caused  a  large  shear  deformation  by  plastic  hinging  in 
the  shear-compress^  zone. 

Underloading  in  some  of  the  lasts  limited  the  conclusions  that  can  be 
made  with  regard  to  the  effects  of  concrete  strength.  However,  in  general, 
predictions  were  equally  good  for  . the  higher  and  lower  strengths.  Lowering 
the  strength  duueev  d  rhn  ductility  lif  th-  shear-compression  zone  and 
decreased  the  conservatism  of  the  predictions  of  shear  failure  in  static  tests. 

The  dynamic  increase  coefficients  for  concrete,  C(,  and  stirrups,  Cj,  were 
successfully  computed  from  the  velocity  at  midspan  and  used  tu  predict 
events  in  the  shear  behavior. 


CONCLUSIONS 

The  conclusions  in  this  section  are  general  conclusions  which  apply 
to  the  three-part  study.  Specific  conclusions  pertaining  to  the  Series  F  tests 
are  combined  with  the  findings  of  those  tests  and  are  presented  in  the  previous 
section.  Specific  conclusions  pertai' '  ■  *o  other  Series  are  presented  in  the 
section  "Summary  of  Previous  W'i  \  V. ' 
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1.  The  shear,  moment,  shear  strength,  and  flexural  strength  all  increase 
under  dynamic  load  with  respect  to  the  same  load  applied  statically;  both 
the  shear  strength  contributions  from  the  concrete  and  web  reinforcement 
increase. 

2.  The  shear  and  moment  at  the  critical  section  increase  in  about  thasame 
proportions  with  respect  to  the  loading  rate.  Thus,  the  shear-moment  ratio 
does  not  change  much  at  the  critical  section.  Differences  between  static  and 
dynamic  values  of  shear-moment  ratio  are  greater  further  from  the  support. 

.  under  shorter  duration  loads,  in  deeper  beams,  and  at  relatively  earfy  times 
within  the  natural  period  of  vibration. 

3.  The  usable  ultimate  shear  strength  and  the  flexural  yield  strength  increase 
in  different  proportions.  Furthermore,  the  contributions  to  the  usable  ulti¬ 
mate  shear  strength  from  the  concrete  and  the  web  reinforcement  increase 
in  different  proportions,  depending  mainly  on  the  material  used  for  Stroups 
and  the  rate  of  strain  in  the  stirrups.  Thus,  the  mass  and  the  characteristics 
of  the  dynamic  load  influence  the  relative  increases  in  the  flexural  strength, 
shear  strength  from  the  concrete,  and  shear  strength  from  stirrups. 

4.  Web  reinforcement  provides  shear  resistance  by  containing  the  longitudinal 
reinforcement,  resisting  rotation  about  the  shear-compression  zone,  and  resist¬ 
ing  diagonal  tension  forces,  if  the  area  of  web  reinforcement  is  too  small, 
the  web  reinforcement  may  strain  excessively  and  thus  fail  to  contain  the 
longitudinal  reinforcement  triggering  premature  dowel  failure  If  the  web 
reinforcement  contribution  to  shear  resistance  is  very  large,  shear  yielding 
may  occur  by  yielding  at  the  shear-compression  zone  without  yielding  of 

the  web  reinforcement.  Thus,  a  maximum  limit  on  usable  ultimate  shear 
strength  based  on  concrete  strength  and  independent  of  the  web  reinforce¬ 
ment  and  a  minimum  limit  on  the  area  of  web  minforcement  are  required 
■  -.  *■„  to  insure  against  premature  failures.  Under  dynamic'loading!  there  a  a 
— — '  tendency  toward  relatively  l.vger  contributions  from  web  reinforcement 
,  ~  -due  to  the  dynamic  increase  in  yield  strength;  therefore,  the  minimum  limit 
an  area  of  web  reinforcement  is  less  critical,  the  maximum  limit  on  shaar 
strength  is  more  critical,  and  the  general  behavior  in  shaar  is  lea  ductile  or 
more  brittle, 

5.  Strains  in  the  stirrups  are  small  until  shear  cracking  occurs  at  which  time 
there  is  a  pronounced  increase  in  rate  of  straining  in  stirrups  located  near  the 
shear  crack.  In  general,  the  stirrups  act  more  or  less  independently,  instead 
of  a  a  group.  The  loading  rate  changes  the  yield  strength  of  the  stirrups,  but 
does  not  change  the  general  characteristics  of  performance. 
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6.  It  is  possible  for  a  beam  to  have  enough  web  reinforcement  to  force 
flexural  yielding  prior  to  shear  yielding  in  the  static  case,  but  not  enough 
to  cause  that  sequence  in  the  dynamic  case.  The  probability  of  change  in 
sequence  is  greater  when  higher  strength  steel  is  used  as  stirrups  and  when 
the  natural  period  of  vibration  is  shorten. 

7.  The  dynamic  increase  in  yield  strength  of  reinforcing  steels  is  g*  >ater  in 
lower  strength  steels.  Between  a  curing  time  of  28  and  49  days,  the  dynamic 
increase  in  compressive  strength  of  Portland  cement  concrete  is  influenced 
more  by  curing  time  than  by  static  compressive  strength.  Although  the  con¬ 
crete  has  better  than  90%  of  its  compressive  strength  at  28  days,  the  dynamic 
increase  in  strength  is  considerably  less  at  a  later  time. 

8.  Yielding  at  midspan  retards  further  increase  in  shear  at  the  supports  in 
dynamically  loaded  beams.  Many  reasons  were  considered  and  none  conclu* 
sively  proved. 

9. -  It  is  possible  for  a  beam  to  fail  in  flexure  after  the  usable  ultimate  shear 
resistance  has  been  exceeded.  In  other  words,  the  additional  shear  resistance 
beyond  yielding  in  shear  might  be  enough  to  force  flexural  failure.  The  prob¬ 
ability  is  much  less  under  dynamic  loading. 

10.  Diagonal  tension  failures  can  occur  upon  shear  cracking  if  stress 
redistribution  is  not  accomplished  or  later  when  the  longitudinal  tension 
reinforcement  suffers  dowel  failure.  This  applies  to  the  dynamic  as  well  as 
the  static  case,  with  and  without  web  reinforcement.  In  baams  with  very 
small  areas  of  web  reinforcement,  the  dowel  failure  can  be  triggered  by 
failure  of  the  we*v  reinforcement  to  contain  the  longitudinal  tension  rein¬ 
forcement. 

11.  The  location  of  the  critical  section  does  not  change  much  with  change 
in  concrete  strength,  stirrup  spacing,  and  loading  rate.  The  effective  depth 
of  the  beam  can  be  used  as  an  estimate  of  the  distance  from  the  support  to 
the  critical  section  for  static  and  dynamic  design  purposes,  and  the  theory 
can  be  used  to  compute  the  distance  in  static  and  dynamic  rigorous  analysis. 

12.  Underreinforced  conditions  can  be  maintained  in  bending  at  the  shear- 
compression  zone.  All  of  the  events  in  the  concept  of  ductility  along  the 
span  can  be  predicted  with  regard  to  sequence  and  zone  of  occurrence. 

13.  A  capacity  reduction  factor  of  0  85  is  adequate  in  analysis  and  design 
when  using  the  theory  to  calculate  static  and  dynamic  loads,  resistances, 
and  shears  corresponding  to  shear  cracking,  usable  ultimate  shear,  shear 
yielding,  and  flexural  yielding.  The  theory  provides  only  conservative  esti¬ 
mates  of  failures  in  slioar  and  flexure.  Tlx?  theory  gives  unconservative 
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values  of  maximum  acceleration  and  conservative  values  cf  maximum 
velocity.  Predictions  of  maximum  deflection  are  conservative  if  most  of 
the  response  history  is  elastic,  fairly  accurate  if  the  beam  deflects  into  the 
inelastic  regime,  and  unconsen/ative  only  when  shear  deformations  become 
large 

14,  The  chart  developed  from  the  modal  analysis  is  adequate  for  predicting 
the  maximum  shearing  force  at  the  supports. 


RECOMMENDATIONS  FOR  DESIGN 
Static  Load  Design  Criteria 

Reinforced  concrete  beams  should  be  underreinforced  and  designed 
to  remain  in  the  elastic  regime  under  normal  service  loads,  with  minor  cracking 
in  shear  and  flexure  permitted.  The  yield  strength  of  longitudinal  tension 
reinforcing  should  be  used  as  the  reference  in  proportioning  and  sizing  mem¬ 
bers.  and  the  required  u$3ble  ultimate  shear  strength  used  to  determine  the 
amount  of  web  reinforcement.  Capacity  reduction  factors.  *.  for  shear  and 
flexure  should  be  applied  to  provide  safety  against  flaws  in  fabrication  and 
inaccuracies  in  design,  and  loed  factors  for  safety  against  overloading.  Actu¬ 
ally,  shear  cracking  in  the  beams  will  be  nonexistent,  or  very  small,  with  the 
use  of  usable  ultimate  shear  as  the  design  reference  if  the  safety  factors  am 
used.  Theoretically,  if  a  capacity  reduction  factor  of  0.85  were  used  for  both 
shear  and  flexure,  and  a  load  factor  of  1.2  were  applied  to  all  design  loads, 
stirrup  effectiveness  up  to  about  35%  would  not  result  in  any  shear  cracking 
at  full  load,  and  load  factors  up  to  2.4  are  commonly  used  with  live  loads 
giving  even  additional  safety,  allowing  much  higher  stirrup  effectivenes  with¬ 
out  shear  cracking. 

As  a  remilt  of  this  study,  two  provisions,  different  from  those  of  the 
ACI  Code,13  are  recommended  for  shear  and  diagonal  tension,  ultimate  strength 
design.  (1)  In  sections  with  web  reinforcement,  the  shear  stress,  v-t  should  not 
exceed®*  yifin  rectangular  sections  and  lOd^fJin  T-sectionsandl-mctions. 
(See  ACI  Code  provision  1 705b.)  This  provision  is  discussed  on  pages  29  and  33 
of  this  renort  (2)  In  rectangular  beams  with  reinforcement  ratio,  p,  less  than 
f\012,  t  '‘ear  stress  permitted  on  an  unreinforced  web,  or  the  contribution 
from  the  ncrete  in  a  reinforced  web,  should  not  exceed  that  given  by: 

v,  -  ♦I0.»  +  100 pi  yij  p< 0.012  i(74) 

(See  ACI  Code  provision  1 701d.)  This  provision  is  discussed  on  page  7  of 
this  report. 


Dynamic  Load  Design  Criteria 

In  protective  construction  against  dynamic  overloads,  load  factors 
should  be  omitted  and  yielding,  or  additional  yielding,  permitted  in  case  the 
load  is  larger  than  anticipated.  General  design  criteria  are  variable  dependiny 
on  the  amount  of  protection  required  and  the  deflections  that  can  be  tolerated. 
Opacity  reduction  factors  should  be  used  not  necessarily  to  insure  against 
yielding,  but  to  insure  that  if  yielding  or  failure  occur,  they  will  occur  in  a 
predictable  fashion,  in  the  most  desirable  mode,  and  without  sudden  failure. 

Structures  should  be  classified  with  regard  to  protection  required  and 
deflection  that  can  be  tolerated.  Three  classes  are  recommended.  They  are 
arbitrarily  designated  A.  B.  and  C. 

Class  A  contains  key  structures  requiring  the  most  protection  and  feast 
deflection  such  as  command  posts  and  missile  launching  facilities.  These  struc¬ 
tures  must  function  under  repeated  dynamic  loads,  during  dynamic  loading, 
and/or  without  damage  to  sensitive  equipment.  Beams  should  be  designed  to 
remain  elastic.  Thus,  the  yield  strength  of  longitudinal  tension  reinforcement, 
f-v.  should  be  used  as  the  reference  in  proportioning  and  sizing  members,  and 
the  required  usable  ultimate  shear  strength.  v0,  used  to  determine  the  amount 
of  web  reinforcement.  A  capacity  reduction  factor  of  0.85  in  shear  and  unity 
in  flexure  should  be  used  to  insure  against  yielding  in  shear  prior  to  yielding 
in  flexure,  if  yielding  occurs. 

Class  B  contains  personnel  shelters  and  shelters  of  important  equipment 
and  supplies  where  repeated  dynamic  loads  are  not  expected,  large  deflections 
can  be  tolerated,  but  insurance  against  failure  must  be  maintained.  Beams 
should  be  designed  to  yield  in  flexure,  but  not  in  shear.  Thus,  a  limit  strain, 

*e V  of  0.003  inVin.  representing  yielding  of  the  concrete  in  compression 
should  be  used  as  the  flexural  criterion,  and  the  required  usable  ultimate  shear 
strength  used  as  the  shear  criterion  to  determine  the  amount  of  web  reinforce¬ 
ment.  A  capacity  reduction  factor  of  unity  should  bo  used  in  both  shear  and 
flexure. 

Class  C  contains  unoccupied  structures  ana  shelters  of  less  important 
equipment  and  supplies  where  the  least  protection  is  required  and  deflection 
is  not  a  consideration.  In  this  class,  economy  outweighs  margin  of  safety 
against  failure.  Beams  can  be  designed  to  respond  to  the  point  of  failure  in 
flexure,  which  is  defined  by  a  limit  strain.  rw,  of  0.006  in,/in.  representing 
crushing  failure  of  tl«  concrete.  They  may  be  designed  to  respond  to  the 
point  of  yielding  of  the  shear-compression  zone  with  a  limit  strain.  eev,  of 
0  003  in7m.  if  the  numerical  integration  procedure  is  used  to  analyze  the 
beams.  Conservatism  in  the  theory  will  insure  against  yielding  in  shear  prior 
to  failure  In  flexure.  If  the  numerical  integration  procedure  is  not  used,  the 
design  for  shear  should  be  the  same  as  for  class  B.  A  capacity  reduction  fac¬ 
tor  of  unity  should  be  used  both  in  shear  and  flexure. 


Dynamic  Design 
Criteria 


Capacity  Reduction 
Factor.  I 


Motion  Criteria 


<*>  I 


The  following  table  is  provided  for  quick  reference  in  selecting  general 
shear  and  flexure  criteria  and  applicable  capacity  reduction  factors. 


If  the  maximum  values  of  motion  parameters  calculated  in  the 
numerical  integration  procedure  are  compared  with  motion  criteria,  the 
following  "rules  of  thumb"  should  be  applied. 

Calculated  maximum  deflections  should  be  permitted  to  100%  of 
the  maximum  allowable  deflections  Such  designs  can  be  expected  to  be 
about  15  to  30%  safe  with  regard  to  deflection  if  maximum  deflection 
occurs  in  the  elastic  range,  and  lero  to  15%  safe  if  maximum  deflection 
occurs  a  short  distance  into  the  inelastic  range.  1 1  is  assumed  that  deflec¬ 
tion  criteria  will  not  be  used  for  beams  permitted  to  deflect  far  into  the 
inelastic  range  or  to  yield  in  shear. 

Calculated  maximum  velocities  should  be  permitted  to  100%  of  , 
the  maximum  allowable  velocities  Such  designs  can  be  expected  lobe 
conservative  due  to  damping  components  not  included  in  the  theory. 

Calculated  maximum  accelerations  should  be  permitted  to  only  50% 
of  the  maximum  allowable  accelerations  to  allow  for  unpredictable  initial 
peak  accelerations  of  short  duration  not  accounted  for  in  the  theoty. 


Proportion*.  The  theory  presented  herein  is  intended  for  slender 
beams  only  (L/d  >  7),  but  probably  could  be  used  with  appropriate  opacity 
reduction  factors  to  obtain  less  accurate  solutions  for  intermediate  beams 
IS  <  l/d  <71.  It  is  not  recommended  for  deep  beams  (L/d<  5). 

Cover.  The  minimum  ewer  war  reinforcing  steel  specified  in  the  ACI 
Code  for  the  static  case  also  applies  to  the  dynamic  case. 


t 


Strength.  Static  28-day  compressive  strengths  of  concrete  within 
the  limits 


2,000  <  f;  <  7,000  pci 


are  recommended.  The  application  of  higher  strengths  was  not  investigated 
and  should  be  the  subject  of  future  studies. 

The  dynamic  increase  in  tensile  strength  may  be  expressed  as 

C,  -  -  0.95 1  +  1.33  x  1 0' •  ( ,  +  0.0693  logf,  176) 

where  f,  *  ^ 
and  1  <’Cj  <  1.74 

Contribution  to  Shear  Strenjth.  The  maximum  concrete  contribution 
to  dynamic  shear  strength,  also  called  the  diagonal  cracking  strength,  can  be 
computed  from  the  following  formulas,  which  are  discussed  in  the  theory 
under  "Dynamic  Shear  Strength  at  the  Critical  Section."  For  p  <  0.012, 

v,  -  4(09  +  100p)C,  y/U  (76) 

For  p>  0.012, 

y.  -  4  (l-WC,  /U*  2,500  <  3.54C,  JV,  (77) 


w.lL-JxJ 

bhT„ 


where 


V_ 

M 


L-2xe 

Lx.-xJ-i* 


Longitudinal  Reinforcement 


Compresrion  Reinforcement.  All  dynamically  loaded  reinforced 
concrete  beams  should  contain  compression  reinforcement.  The  compression 
reinforcement  (1)  acts  in  tendon  during  rebound,  (2)  contains,  in  conjunction 
with  stirrups,  the  concrete  of  the  shear-compression  tone,  (3)  provides  addi¬ 
tional  ductility,  (4)  heips  to  arrest  the  shear  crack  providing  a  point  of  rotation 
in  sheer-compression,  and  (5)  provides  dowel  resistance  at  the  shear-compression 
tone.  Recommended  limits  of  compression  reinforcement  ratio  are 


0.25p  <  p'  <  p 


It  is  believed  that  best  results  are  obtained  when  the  compression  steel  ratio 
is  between  30  and  50%  of  the  tension  steel  ratio. 

Theoretically,  there  is  no  reason  why  the  yield  stresses  of  compression 
and  tension  steel  need  be  the  same;  therefore,  equations  in  the  theory  are 
written  as  if  they  were  different  to  allow  flexibility  in  design.  It  is  believed 
that  economical  results  can  be  obtained  with  the  use  of  two  steel  strengths, 
the  lower  strength  used  in  compression.  If  two  strengths  are  used,  precautions 
must  be  taken  to  prevent  confusion  during  steel  fabrication. 

Static  yield  strengths  of  longitudinal  compression  steel  within  the  limits 

40,000  <  f;  <  75,000  pal 

are  recommended. 

Tension  Reinforcement.  Static  yield  strengths  of  longitudinal  tension 
steel  within  the  limits 

40,000  <  f,  <  75,000  pal 

are  recommended.  Higher  strengths  may  be  used,  but  suitable  ductility  is 
difficult  to  achieve  in  design  at  strengths  above  75,000  psi. 

Recommended  tension  reinforcement  ratios  are 

0.012  <  p  <  0.035 

Ratios  below  0.012  may  be  used,  but  the  shear  resistance  contribution  from 
....  concrete  must  be  reduced  in  accordance  with  Equation  76.  Thegreataet 
energy  absorption  of  beams  under  dynamic  load  occurs  with  a  reinforcement 
ratio  of  about  0.02.  so  that  value  is  a  good  starting  point  for  initial  designing. 

Web  Reinforcement 

Orientation.  Inclined  stirrups  are  not  recommended.  The  horuontal 
components  of  inclined  stirrups  tend  to  overload  the  shear-compression  rone 
causing  brittle  behavior  and  premature  shear  yielding  by  yielding  of  the  con¬ 
crete  in  compression.  Also,  inclined  stirrups  act  in  the  wrong  direction  during 
rebound  contributing  little,  or  no,  resistance  to  diagonal  tension.  No  more 
l  than  half  of  the  web  reinforcement  over  a  distance  along  the  axis  of  the  beam 

j  equal  to  the  effective  depth  of  the  beam  should  be  provided  by  bent-up  bars 
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for  the  same  reasons.  If  bent-up  bars  or  inclined  stirrups  are  to  be  used,  a 
dynamic  analysis  of  compression  and  rotation  at  the  shear-compression  zone 
should  be  made  including  the  effects  of  the  horizontal  components  from  web 
reinforcement. 

Amount.  The  required  amount  of  web  reinforcement  should  be 
computed  from  the  beam  width  and  the  difference  between  the  usable  ultimate 
shear  st*  ngth  required  and  the  shear  strength  contributed  by  the  concrete  as 
follows 


Cj  nr  ■  7  <».  -  »«>  (781 

Strength.  Static  yield  strengths  of  stirrups  within  the  limits 
X.OOO  <  f„  <  75,000  psi 

are  recommended.  Higher  strengths  may  be  used,  but  might  not  be  economical 
due  to  small  dynamic  increase  in  strength  and  the  tendency  toward  yielding  in 
the  shear-compression  zone  without  yielding  of  the  stirrups.  As  mentioned 
earlier,  a  change  in  yielding  of  the  beam  from  the  flexure  to  the  shear  mode 
might  occur  with  increase  in  loading  rate  when  high-strength  steel  is  used  for 
stirrups. 

The  dynamic  increase  in  stirrup  strength  should  be  computed  from 
the  static  yield  strength  and  the  elastic  strain  rate  as  shown  in  Equation  29 
of  the  theory.  Equation  29  is  restate)  in  specific  stirrup  notation  as  follows: 


and 


13,700  04  9  x  10* 

'  f,» 


.  /3.OOO  .  423 x  10*\,  ....  . 
*— 

1  <  c2  <  2 


Af««.  The  minimum  area  of  web  reinforcement 

Ay  >  0.0015bs 

specified  in  the  ACI  Code  for  the  static  case  also  applies  to  the  dynamic  case. 


j 

i 
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Spacing.  Limitations  on  maximum  stirrup  spacing  in  static  design 
also  apply  to  dynamic  design.  Thus. 

t  when.  v„  <  - 

s  <  when.  v„  >  e*  ViT 

Uniform  spacing  of  stirrups  is  recommended  in  dynamic  designs  since 
tbe  distances  to  the  critical  section  and  shear-compre^ion  tone  change  with 
'characteristics  of  the  load  and  with  time  under  a  given  dynamic  load.  Where 
web  reinforcement  is  not  otherwise  required,  ties  should  be  provided  as  they 
are  in  static  designs,  and  the  distance  from  the  support  to  the  point,  xt.  where 
the  amount  of  web  reinforcement  changes  should  be  determined  by: 


Plain  wires  1/4  inch  in  diameter  should  be  the  smallest  acceptable  site  for 
both  ties  and  stirrups. 

-Design  Procedure 

Simplified  Method.  The  general  approach  to  design  is  discussed  on 
page  39.  It  is  stated  there  that  if  the  preliminary  design  is  not  evoived  by 
normal  static  design  procedures,  the  flexural  aspects  of  the  design  can  be* 
accomplished  by  employing  dynamic  design  aids  in  the  form  of  charts, 
graphs,  and  tabulated  data.  It  is  further  stated  that  such  aids  are  available 
in  References  2, 4,' end  5,  and  that  the  charts  in  NCEL  Technical  Report 
R-12127  are  probably  the  most  rapid  means  available.  The  simplified  method, 
given  here  for  the  shear  aspects  is  intended  to  be  used  in  conjunction  with 
Vthosumeltiods. 

This  method  is  intended  for  initial  designs  to  be  analyzed  later  by  a  9 
more  accurate  method.  When  the  method  is  used  for  that  purpose,  the  capac¬ 
ity  reduction  factors  recommended  in  the  dynamic  load  design  criteria  should 
be  used.  However,  if  it  is  used  for  final  design,  the  capacity  reduction  factors 
for  shear  should  be  reduced  by  O.tO. 

'  It  is  assumed  that  the  dynamic  load  is  given  and  the  flexural  cross 
section  has  been  designed,  and  the  purpose  of  this  design  procedure  is  to, 
determine  the  amount  of  web  reinforcement  required. 


Maximum  Shearing  Foret  at  the  Support  The  chart  in  Figure  4 
may  be  used  to  determine  the  maximum  shearing  force  at  the  support. 

The  following  values  must  be  computed  before  using  the  chart:  (1)  the 
static  shear  at  the  support  if  the  peak  dynamic  load  were  applied  statically 
(we  L/2).  (2)  the  ratio  of  the  effective  load  duration  and  the  natural  period 
of  vibration  OYTJ,  and  (3)  the  ratio  of  peak  load  and  dynamic  yield  resis¬ 
tance  (w0/ry).  The  duration,  T,  of  an  effective  triangular  load  should  be 
used  in  lieu  of  the  actual  load  duration.  The  dynamic  yield  resistance,  ry< 
is  expressed  as  a  force  per  unit  length,  as  is  the  load,  and  can  be  determined 
from  the  maximum  total  dynamic  resistance  by: 


Equations  for  computing  Rm  and  Tn  are  given  in  the  theory  under  "Flexural 
Resistance."  See  Equations  60  through  71.  In  using  the  chart,  one  enters  at 
the  bottom  with  the  ratio  of  peak  load  and  dynamic  resistance,  moves  upward 
to  the  appropriate  ratio  of  duration  and  natural  period,  and  then  to  the  left 
where  the  maximum  dynamic  shear  factor  is  obtained.  The  maximum  dynamic 
shear  factor  is  the  ratio  of  the  maximum  dynamic  shear  force  at  the  support, 
Vm.  end  the  static  shear  at  the  support  if  the  peak  dynamic  load  were  applied 
statically  (w.  L/2). 

Maximum  Shear  Stre*  at  the  Critical  Section.  The  maximum  shear 
stress  at  the  critical  section  can  be  estimated  by: 


In  this  simplified  method,  the  required  usable  ultimate  shear  strength,  vw, 
is  considered  to  be  equal  to  the  maximum  shear  stress  at  the  critical  section. 
Thus, 


v.  -  vm  (82) 

Maximum  Shear  Strength  Contributed  by  tha  Concrete.  The  maximum 
shear  strength  that  can  be  contributed  by  the  concrete,  vc,  should  be  computed 
by  the  use  of  Equation  75  and  either  Equation  76  or  Equation  77,  depending 
on  the  reinforcement  ratio,  p,  and  letting  xc  equal  d. 

Amount  of  Web  Reinforcement  Required.  If  vc  is  larger  than  vu,  stirrups 
are  not  required,  but  ties  should  be  provided  at  tho  maximum  allowable  spacing. 
If  vc  is  smaller  than  vu,  the  amount  of  web  reinforcement  should  be  computed 
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with  the  use  of  Equation  78.  The  dynamic  increase  coefficient.  Cj  in  the 
equation,  can  be  roughly  estimated  by  assuming  an  elastic  strain  rate  of 
0.6  inymVscc  and  using  Equation  79  or  the  chart  in  Figure  17.  The 
resulting  approximate  dynamic  increase  coefficients  and  dynamic  yield 
strengths  for  various  static  yield  strengths  are: 


Static  YuM 
Strength, 

**y 

fps) 

Dynamic  Increasa 
Coafficiam, 

Dynamic  Yidd 
Stranfti, 

W  cJ*w 
•  (pal; 

30.000 

1.79 

54.000 

.  J  40.000 

1.55 

62.000 

j  50.000 

1.41 

70.000 

j  60,000 

1.33 

80,000 

1  75.000 

J  1 00.000  - 

1.26 

94,000 

1.18 

napoo. 
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Analysis  Procedure 

J  Procedure  Choice.  There  are  two  kinds  of  economy  to  be  considered 
j in  designing.  One  has  to  do  with  the  cost  of  materials,  fabrication,  end  erec¬ 
tion:  the  other  has  to  do  with  the  cost  of  the  engineering  designing  itself. 
Both  kinds  of  economy  should  be  considered  in  selecting  a  procedure  for 
analyzing  reinforced  concrete  beemv  •  .  _ 

There  are  three  practical  procedures  from  which  to  choose: 

(1)  computer  programming  of  the  numerical  integration  metfwd  discuwed 
in  the  theory,  (2)  hand  calculation  of  the  numerical  integration  method, 
and  (3)  the  simplified  method  given  below.  The  numerical  integration 
method  gives  the  greater  economy  of  materials  and  also  the  most  aaaursnce 
of  safety  with  regard  to  brittle  behavior  in  the  shear  compression  rone.  It 
is  also  the  most  economical  with  regard  to  engineering  effort  if  a  large  num¬ 
ber  of  beams  are  to  be  analyzed.  If  a  computer  is  available  and  a  number  of 
beams  are  to  be  analyzed,  the  computer  programming  procedure  is,  by  far, 
preferred  oyer  hand  calculation  of  the  numerical  integration  because  the 
latter  method  is  very  time  consuming  and  subject  to  human  error.  The 
simplified  method  is  recommended  only  when  a  few.beams  are  to  be 
analyzed  and  economy  of  materials  is  outweighed  b/  the  time  and  coat 
of  engineering.  •’ 


Ml 


Simplified  Method.  This  simplified  method  gives  only  approximate 
results;  therefore,  the  capacity  reduction  factor  for  shear  should  be  reduced 
by  O.tO  when  this  method  is  used. 

The  shear  strength  contributed  by  the  concrete.  ve,  should  be  obtained 
from  Equations  75  through  77.  The  distance  to  the  critical  section,  xe,  can  be 
approximated  by  setting  it  equal  to  the  effective  depth,  d,  and  values  of  the 
natural  period  of  vibration,  T„,  can  be  obtained  by  the  use  of  Equations  60 
through  70. 

The  usable  ultimate  shear  strength,  vu,  then  should  be  computed  as 
follows: 


For  A*<  0.0015b*. 


vu  -  ve  (83) 

For  Ay  >  0.0015b*, 

».*»,  +  ♦ci~571  <»*V?  (Ml 

Values  of  the  dynamic  increase  coefficient,  Cj.  can  be  approximated  as 
indicated  on  page  141  in  the  simplified  design  procedure. 

The  maximum  allowable  dynamic  shearing  force  at  the  support, 

V„.  should  be  determined  next  by  using  Equation  39. 

Then  the  maximum  dynamic  shearing  force  at  the  support.  Vn, 
should  be  obtained  from  the  chart  in  Figjre  4.  A  detailed  explanation  of 
how  to  usa  the  chart  is  given  on  page  140  in  the  simplified  design  procedure. 
Finally,  the  beam  is  safe  in  shear  if 
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Appendix  A 


STRENGTH  PROPERTIES  OF  MATERIALS 


INTRODUCTION 

To  study  the  strength  and  behavior  of  structural  elements,  it  is 
necessary  to  determine  the  strength  and  behavior  of  the  structural  materials 
from  which  the  elements  are  made.  The  objective  of  the  work  reported  in 
this  appendix  was  to  determine  both  the  static  and  dynamic  strengths  of 
the  materials  used  in  the  1 2  reinforced  concrete  beams  which  have  been 
designated  the  F  Series.  Strength  properties  are  reported  elsewhere'4’23 
for  the  D  and  E  Series. 


CONCRETE 

Mix 


The  concrete  was  made  from  Type  I  Portland  cement.  3/4-inch 
maximum  sire  San  Gabriel  aggregate,  and  San  Gabriel  sand  having  a  fineness 
modulus  of  2.82.  Two  mixes  were  used.  The  mix  proportions  for  the  higher 
strength  concrete  were  1.00  (cement) :  2.98  (coarse  aggregate) :  2.71  (fine 
aggregate),  by  weight,  with  a  water-cement  ratio  of  0.57  (by  weight)  or  6.5 
gallons  per  sack.  A  slump  of  3  inches  was  specified.  The  mix  proportions 
for  the  lower  strength  concrete  were  1.00:3.82:365  (by  weight),  with  a 
water-cement  ratio  of  0.71  (by  weight)  or  7.98  gallons  per  sack.  A  slump 
of  2  inches  was  specified. 

Static  Tetts 

At  the  time  each  beam  was  cast,  six  standard  6-inch -diameter  by 
12-inch-long  cylinders  were  cast  from  the  same  batch  of  concrete.  The 
cylinders  were  cured  under  wet  burlap  along  with  the  beam  until  2  days 
before  testing.  Three  cylinders  were  used  to  determine  the  concrete  com¬ 
pressive  strength,  and  three  the  tensile  splitting  strength.  The  results  are 
given  in  Table  A-1.  The  average  static  compressive  strength  at  about  28 
days  was  5,770  psi  for  the  higher  strength  and  3,480  psi  for  the  lower 
strength  concrete.  The  average  tensile  splitting  strength  was  547  psi  for 
the  higher  strength  and  426  psi  for  the  lower  strength  concrete. 


TaMa  A*1.  Static  Compraniv*  and  Ten*  la  Strength  of  Concrete 


Dynamic  Tests 

Seventeen  concrete  cylinders  were  cast  using  the  lower  strength  mix 
described  above.  All  cylinders  were  4  inches  in  diameter,  8  inches  long,  and 
cast  from  one  batch  of  concrete.  The  cylinders  were  tested  under  various 
loading  rates  in  accordance  with  the  procedures  outlined  in  ASTM  Specifics* 
tion  C496-62T.  "Splitting  Tensile  Strength  of  Moulded  Concrete  Cylinders." 
The  rate  of  loading  was  slow  (static)  on  five  cylinders  and  rapid  (dynamic) 
on  12  cylinders. 

The  results  of  the  tests  are  listed  in  Table  A*2  and  plotted  in  Figure  A*1. 
The  average  static  tensile  splitting  strength  was  426  psi,  identical  to  the  results 
of  the  static  tests  described  above  and  listed  in  Table  A*1.  The  average  value 
was  used  in  determining  the  dynamic  increase  in  tensile  splitting  strength. 

The  equation  in  the  table  and  figure  was  developed  by.  the  author  from  data 
reported  by  Cowell24  and  by  Lundeen  and  Saucier.17  ' With  the  exception  of 
two  data  points,  agreement  is  very  good  between  the  experimental  data  and 
data  computed  from  the  equation. 

Cowell24  performed  static  and  dynamic,  tensile  splitting,  and  com¬ 
pressive  tests  on  concrete  cured  28  and  49  days.  He  used  the  same  coarse 
and  fine  aggregate  as  used  in  the  mixes  described  above,  except  for  Type  II 
Portland  cement  instead  of  Type  I.  It  is  believed  that  there  is  no  significant 
difference  in  the  strength  properties  of  Type  I  and  Type  II.  The  static  com¬ 
pressive  strengths  at  28  days  for  the  two  mixes  used  by  Cowell  were  3,900  psi 
and  7,420  psi;  the  tensile  strengths  were  515  psi  and  710  psi. 


T«wM  atfM  am,  it  Mtocl 

Figure  A*1.  Results  of  dynamic  tsnsils  fitting  tuts  on  concrete  with  static 
tensile  strength  of  426  psi. 
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TtbMA-2.  Result!  of  Dynamic  Tensile  Splitting  Ttra 
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LONGITUDINAL  REINFORCING  STEEL 


Tho  longitudinal  reinforcing  steel  in  etch  bum  consist*!  of  two 
9  bars  in  tonsion  »nd  two  no.  7  bars  in  compression,  All  bors  wert  from  . 
»mt  lot  ind  satisfied  the  strength  requirements  of  ASTM  Specification' ' 
32  and  tho  deformation  requirements  of  ASTM  Specification  A30&S6T. 

Static  Tests 

Standard  tension  tests  to  determine  the  upper  yield  point  were  made 
on  coupons  from  one  tension  end  one  compression  bar  from  each  of  the 
beams,  except  for  beam  WFI  where  no  tension  bars  were  tested.  Theresults 
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are  given  in  Table  A  3.  The  average  upper  yield  stress  was  69,000  psi  for 
no.  9  bars  and  70,000  psi  for  no.  7  bars.  Three  of  the  no.  9  bars  and  three 
of  the  no.  7  bars  were  tested  to  rupture  and  complete  stress-strain  relation¬ 
ships  were  obtained.  The  ultimate  strengths  of  those  bars  are  listed  in 
Table  A-4.  The  average  ultimate  strength  was  103,600  psi  for  no.  9  bars  and 
100.700  psi  for  no.  7  bars.  The  stress-strain  plot  for  tension  bar  no.  22  is 
shown  in  Figure  A-2.  The  stress-strain  relationships  for  all  specimens  tested 
had  the  following  characteristics: 

1.  Linear  elastic  region 

2.  Poorly  defined  proportional  limit  at  about  60,000  psi 

3.  Well-defined  yield  point  at  about  69,000  psi 

4.  No  definition  between  upper  and  lower  yield  points 

5.  Secant  modulus  of  elasticity  about  29,000,000  psi 

6.  Long  linear  region  before  strain  hardening  at  about 
0  035  in./in.  of  strain 

7.  Ultimate  strain  about  0.13  inVm. 

Dynamic  Tests 

Tests  were  performed  to  determine  the  dynamic  yield  strength  of 
no.  9  bars  and  to  relate  increase  in  upper  yield  strength  to  strain  rate.  The 
bars  were  different  from  the  ones  in  the  beams  in  that  they  came  from  a  dif¬ 
ferent  lot  of  steel  and  they  were  machined  smooth.  Details  regarding  loading . 
equipment,  instrumentation,  and  procedure  are  given  in  Appendix  A  of 
Reference  14.  Thirteen  specimens  were  tested  under  various  loading  rates. 
The  rate  of  loading  was  slow  (static)  on  five  specimens  end  rapid  (dynamic) 
on  eight  specimens. 

The  results  of  tba  tests  are  listed  in  Table  A-5  and  plotted  In  Figure 
A-3.  The  average  static  upper  yield  stress  was  81,500  psi,  considerably  higher 
than  for  the  coupons  in  the  static  tests  described  above  end  listed  In  Table' 
A-3.  The  average  value  was  used  in  determining  the  dynamic  increase  in 
upper  yield  strength.  The  equation  in  the  table  and  figure  was  developed 
by  the  author  from  data  reported  by  Cowell,”  Keenan,”  and  the  author” 
from  dynamic  tests  on  various  steels  used  as  longitudinal  steel  and  stirrups. 
The  line  in  the  figure  is  the  locus  of  points  obtained  from  the  equation 
using  a  static  upper  yield  stress  of  81,500  psi.  Values  of  the  dynamic 
increase,  e^/Oy,  computed  from  the  equation  are  slightly  conservative 
with  respect  to  all  data  points  except  one  which  falls  on  the  line  in  the 
figure.  Agreement  between  the  slopes  of  the  line  and  the  data  points  is 
excellent. 


148 


to. 


__ 

_ _ 

_ 

_ 

~ 

■ 

■ 

■ 

■ 

Q 

■ 

■ 

■ 

■ 

■ 

■ 

i 

r 

■ 

ii 

IB 

■ 

■ 

■ 

i: 

m 

II 

m\ 

■ 

r 

Ml 

m  AT 

’MA 

132  ra- 

nforr* 

«» 

1 

h 

0I - 1 - L _ I _ I _ I _ I _ l _ I _ | _ 1 _ | _ | _ | _ I _ I 

o  0.01  002  0.03  o.o4  o-o*  aot  04?  04*  ooo  o.yo  an  ai2  an  au  ait 


Strain, «  Oft/In ) 

Fifun  A-2.  Typlolitw  wralii wlwWiip (of  lomlludliMl lllnlnwl.|ilMl 


F%mA't  Rmjluol dynamic MU on len|<tu4lnalninforcinfiml»Mi 
wtte  uttm  y  Wd  uumth  «*  11,500  prf. 


149 


Table  A-3.  Static  Yield  Strength  of  Longitudinal  Reinforcing  8ar* 


Tention  Steel 

No.  9  Bars 

Compression  Steel 

No.  7  Bars 

Bar 

No. 

Beam  in 
Which  Used 

■si 

Bar 

No. 

Beam  in 
Which  Used 

Upper  Yield 
Stress 
(test) 

2 

Wfl 

* 

32* 

WF1 

689 

4* 

WF2 

86.5' 

34* 

WF2 

70.1 

9* 

WF3 

67.0 

36* 

WF3 

68.1' 

8 

-  WF4 

694 

38 

WF4 

69.0 

to 

WF5 

692 

40 

WF5 

690 

12 

WF6 

69.7 

42 

WF6 

71.2 

14 

WF7 

69.2 

44 

WF7 

70.5 

16 

WF8 

69.5 

46 

WF8 

692 

18 

WF9 

69.3 

48 

WF9 

694 

20 

WF10 

67.9 

50 

WF10 

69.7 

22* 

WF11 

69.5 

52 

WF11 

69.0 

24 

WF12 

71 V 

54 

WF12 

75.9* 

Eli 

69.0 

700 

-  Not  tatted. 

*  Taatad  to  rupture  and  Mated  in  Table  A-4. 

*  Lowest  value. 

^HighMnlM. 


Table  A-4.  Static  Ultimate  Strength  of  Longitudinal  Reinforcing  Bart 


Tension  Steel 

No.  9  Bars 

Compression  Steel 

No.  7  Bart 

Bar 

No. 

Beam  in 
WtichUsed 

Ultimate 

Straaa 

(WJ 

Bar 

No. 

Beam  in 
Which  Utad 

Ultimate 

Straaa 

<kti) 

4 

WF2 

102,5* 

32 

WF1 

100.7 

6 

WF3 

1040 

34 

WF2 

101.7* 

22 

WF1 1 

104  2* 

36 

WF3 

99  9* 

103.6 

Avg 

100.7 

*  lowest  value. 

*  Higheat  value. 
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Table  A-5.  Results  of  Dynamic  Tests  on  Longitudinal  Reinforc**  Start 


Static  Ttcts 

Dynamic  Tests 

Speaman 

No. 

Uppor 

VM 

StTBO. 

(k«) 

Specimen 

No. 

Elastic 

Strain 

Rate 

« 

(in./in7iec) 

Upper 

Yield 

Stress, 

(ksi) 

Dynamic  Increm 
in  Upper 
YiaUStrw. 

*evV 

Experiment 

theory* 

SI 

825 

D1 

0.05 

915 

1.15 

ESI 

S2 

810 

D2 

012 

945 

1.16 

S3 

82.0 

D3 

020 

99.0 

1.22 

1.18 

S4 

805 

04 

036 

1020 

1.25 

151 

S5 

815 

D5 

0.40 

102.0 

1.25 

151 

Avg 

81.5 

D6 

0.41 

102.0 

1.25 

152 

D7 

046 

102.5 

1.26 

152 

06 

086 

1050 

1.29 

155 

*  <ry  -  81,500  pai  (average  value  from  the  five  static  tests). 
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STIRRUPS 

Materiel 

The  stirrups  were  made  from  6gage«nneeled  plain  wires  Thawira 
was  received  in  6-foot  straight  lengths. 

Static  Two 

Four  samples  of  the  wire  were  tested  to  determine  the  static  strength 
properties.  The  specimens  were  10  inches  long  and  had  one  $fWJW.stram_ 
gage  (EA05-5008H)  affixed  at  midlength.  Load  was  applied  and  moasured 
with  a  tension  testing  machine  equipped  with  a  recorder,  and  stress  values 
were  computed  from  the  load  measured  during  the  test  and  the  diameter  of 
the  specimen  measured  prior  to  the  test.  Strain  was  measured  from  zero  to 
approximately  0.4%  by  the  single  strain  gage.  Larger  strain  values  ware 
obtained  by  measuring  the  elongation  of  a  5-inch  gage  length  with  a  scale 
containing  50  parts  to  the  inch. 


The  results  of  the  tests  are  listed  in  Table  A-6  and  plotted  in 
Figures  A-4  and  A-5  The  stress-strain  relationships  for  all  specimens 
had  the  following  characteristics: 

t.  Linear  elastic  region 

2.  Well-defined  proportional  limit  at  about  23,000  psi 

3.  Tangent  modulus  of  elasticity  about  29,200,000  psi 

4.  Undefined  yield  point  at  about  30,000  psi 

5.  Very  short  region  between  yielding  and  strain  hardening 

6.  Ultimate  strain  about  0.20  in /in. 

.The  scatter  of  data  between  tests  was  extremely  small;  therefore,  average 
values  from  the  four  tests  were  used  to  plot  the  stress-strain  relationship 
shown  in  Figure  A-5.  The  stress-strain  relationship  of  specimen  no.  2 
from  zero  strain  to  0.32%  strain  is  plotted  in  Figure  A-4  to  show  the  well- 
defined  proportional  limit  and  the  undefined,  or  very  poorly  defined,  yield 
point.  Predictions  of  beam  behavior  were  computed  using  the  0. 1%  offset 
stress  rather  than  the  customary  0.2%  offset  yield  stress.  Both  are  listed 
in  Table  A-6.  An  idealized  straight-line  stress-strain  relationship,  shown 
in  the  figure,  was  constructed  using  the  average  yield  stress  {30,000  psi) 
et  0.t%  offset  and  the  average  tangent  modulus  of  elasticity  (29,200,000  psi). 


Tabl«  A-6.  Static  Strength  Properties  of  6-Gage  Wire 


Specimen 

No. 

Diameter 

(la) 

Tangent 

Modulus 

of 

Elasticity 
(ksi  x  103) 

Proportional 

Limit 

(kn) 

Yield  Stress 
(ksi) 

Ultimate 

Strength 

(ksi) 

Offset 

0.1% 

Offset 

02% 

1 

(X1897 

30.2 

24.0 

30.6 

31.5 

44.5 

2 

0.1903 

29.1 

22.5 

300 

308 

45.0 

3 

0.1900 

29.0 

225 

28.5 

29.4 

44.6 

4 

0.1900 

28.4 

225 

308 

31.9 

45.0 

Avg 

a  1900 

292 

23.0 

30.0 

309 

448 

Strata*. 
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Dynamic  Tests 

Seventeen  specimens  of  the  wire,  each  10  inches  long,  were  strained  in 
tension  with  the  NOEL  dynamic  materials  testing  machine21  and  continuous 
measurements  recorded  of  tensile  strain  and  force  in  each  specimen.  The  strain 
was  measured  with  one  SR-4  foil  resistance  strain  gage  (EA-05-500BH)  placed 
midway  between  the  ends  of  the  specimen.  Force  was  measured  with  an  NCEL 
strain  gage-type  tension  link. 

The  results  are  listed  in  Table  A'-7  and  plotted  in  Figure  A-6.  The 
average  static  yield  stress  130.000  psi)  from  17  static  tests  and  defined  by  a 
0.1%  offset  from  the  tangent  modulus  of  elasticity  (as  given  in  Table  A-6 
and  Figure  A-4)  was  used  to  compute  the  dynamic  increase  in  yield  strength, 
o#Y/cv.  The  equation  in  the  table  and  figure  is  the  same  equation  that  was 
used  to  predict  the  dynamic  increase  in  the  yield  strength  of  the  longitudinal 
reinforcing  steel  discussed  previously.  The  line  in  the  figure  is  the  locus  of 
points  obtained  from  the  equation  using  a  static  yield  strength  of  30,000  psi. 
Agreement  between  the  data  points  and  the  values  computed  from  the  equa¬ 
tion  is  good.  Three  points  are  high,  three  are  low,  and  eleven  fall  on,  or  nearly 
on,  the  line.  The  limit  (ody/oy)  <  2  is  also  shown  in  the  figure. 

The  material  had  well-defined  upper  and  lower  yield  points  under 
dynamic  load.  It  was  found  that  the  percent  dynamic  increases  in  lower  yield 
stress  and  ultimate  yield  stress  were  considerably  less  than  for  the  upper  yield 
stress.  For  instance,  at  an  elastic  strain  rate  of  1.0  in./in  /sec,  the  upper  yield 
stress  increased  92%:  at  an  inelastic  strain  rate  of  1.0  in./in  /sec,  the  lower  yield 
stress  increased  60%:  and  at  an  ultimate  strain  rate  of  1.0  in7in7sec,  the  ulti¬ 
mate  stress  increased  only  19%. 


BOND  TESTS 

Pull-out  tests  (related  to  this  work)  to  study  the  influence  of  normal 
pressure  on  bond  between  concrete  and  reinforcing  steel  were  performed  by 
Untrauer,  Harris,  and  Henry20  at  the  Iowa  Engineering  Experiment  Station, 
Iowa  State  University  under  NCEL  Contract  NBy-32222. 


Appendix  B 


MOMENT  OF  INERTIA  AND  SPRING  CONSTANT 


INTRODUCTION 

The  spring  constant  o<  an  elastic  structural  element  is  defined  as  the 
quotient  of  the  resistance  and  the  deflection,  and  the  resistance  is  equal  to 
the  load  under  static  loading. 


where  k  -  spring  constant  (Ib/in.l 
R  •  resistance  (lb) 

Y  -  deflection  (in.) 

This  quotient  is  related  to  stiffness  and  length  when  applied  to  bending  in 
beams.  The  spring  constant  at  midspan  of  a  prismatic  beam  on  simple  sup¬ 
ports  under  uniformly  distributed  loading  may  be  expressed  as 

3MEI 

k  - 

5LJ 

where  El  «  stiffness  (lb-in.1) 

E  «  modulus  of  elasticity  (psi) 

I  ■  moment  of  inertia  (in.4) 

L  ■  span  length  (in.) 

Actually,  the  spring  constant  of  a  reinforced  concrete  beam  does  not  hare  a 
constant  value  as  the  deflection  of  the  beam  is  increased.  The  value  of  the 
spring  constant  changes  with  changes  in  moment  of  inertia  at  flexural  cracks 
form  and  inelastic  hinging  takes  place. 

Simplifying  assumptions  are  made  to  obtain  a  constant  value  which 
best  approximates  the  spring  constant  over  the  full  range  of  deflections 
within  the  elastic  region  of  response,  '’he  primary  assumption  used  in  a 
method  presented  in  the  Air  Force  Design  Manual,4  and  other  references, 
is  that  the  moment  of  inertia  is  the  average  of  the  moments  if  inertia  for 
the  cracked  and  uncracked  sections. 


t 


i 


\ 

{ 


I 

f 


where  I  *  moment  of  inertia  (in.4) 

If  *  gross  moment  of  inertia  (in  4) 

le  *  moment  of  inertia  of  a  cracked  section  (in.4) 

The  assumption  is  considered  poor  because  the  cracked  section  influences 
the  spring  constant  more  than  the  gross  section  in  beams  deflected  nearly 
to  or  beyond  the  yield  deflection.  The  resulting  spring  constant  predictions 
are  too  high.  The  amount  of  error  also  changes  with  length-depth  ratio 
because  of  larger  shear  deformations  and  fewer  flexural  cracks  associated 
with  lower  ratios. 


THEORY 

Nosseir's  method w  is  to  compute  the  spring  constant  from  the 
moment  of  inertia  for  the  cricked  section  and  then  adjust  this  value  using 
a  formula  containing  the  shear  span-depth  ratio  and  coefficients  based  on 
his  measurements.  Thus. 

t  ■  •*(?)  -  om3$ 

where  k  ■  spring  constant  (Ib/in.) 

ke  •  spring  constant  of  a  cracked  section  (Ib/in.) 

•  ■  shear  span  (in.) 
d  *  effective  depth  of  the  beam  (in.) 

The  tests  were  made  on  simply  supported  beams  under  static  and  dynamic 
concentrated  loads,  and  the  equation  was  obtained  by  data  point  fitting 
between  the  limits:  2<a/d<6, 

In  applying  the  method  to  beams  under  uniformly  distributed  loads, 
it  is  assumed  that 


a 


d 


»-•***'* 
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_k_ 


0-13(7)  -  0  0058(d) 


EXPERIMENT 

Purpose 

In  th«  following  computations.  Nosseir's  method,  the  Air  Force 
Design  Manual  method,  and  a  modified  version  of  the  Air  Force  Design 
Manual  method  are  used  to  predict  the  spring  constant  of  the  static  uni¬ 
formly  loaded  beams  of  test  Series  E.  The  tests  are  reported  in  Part  II.** 
which  gives  a  detailed  description,  and  in  Part  III,  the  main  part  of  this 
report,  which  gives  a  summary  only.  The  solutions  obtained  from  each 
of  the  three  methods  are  compared  with  the  idealized  spring  constant 
obtained  from  measurements  in  tests  WEtO  and  WE1 1. 

Specimens 

The  test  specimens  had  the  following  dimensions  and  strength 
properties: 


,  Hwtawr  yew 


Spmlffftfi.L 

144  in. 

•aamwtoh.b 

7.78  m. 

EftettM  dapth  of  fh*  bum.  4 

12.94  in. 

Tottl  (top*  of  tfra  bum.  h 

180  in. 

ttopth  to  oompraraion  «ra>4. 4‘ 

1.8  In. 

Am  of  ramion  A, 

2^)0  in.2 

Aral  if  compraraion  trail.  Aj 

1.20  m.2 

3*<toy  compraraivi  nranyth  of  concrara.  fj 

3.000  pti 

vrara  ttranftfi  of  tt«<.  fy 

67,800  p»i 

ModuKra  of  rfratwiy  of  ttm.  It 

29000,000  pn 

YMd  ttnin  ol  concrara.  *e y 

8003  In/m. 

Dimity  of  concrara.# 

us 

The  resistance-deflection  relationships  for  WE  10  and  WE  1 1  were 
plotted  on  a  common  graph.  A  two-straight-line  idealized  diagram  was 
constructed  through  the  data  Finally,  the  spring  constant,  k.  was  computed 
from  values  of  resistance,  Rm<  and  deflection.  yy,  at  the  intersection  of  the 
straight  lines. 

Rm  -  wL  -  («24lb/in.)(144ln.)  -  89,9001b 


_  89,9001b 
yv  "  0.92  In. 


97,700  Ib/ln. 


Prediction* 

Slendameei. 


Il.t 


Modulus  of  Elasticity. 

E  •  E,  *  p,J33 VC  -  3,480,000 psl 

n  ■  7  ■ 

Neutral  Axis  by  Ultlmat#  Strength  Design  Method,  The  ACI” 
requirements  for  rectangular  beams  with  compression  reinforcement  can 
be  found  in  Section  1602  of  the  Code.  8y  the  use  of  the  equations  in  that 
section,  it  was  predicted  that  the  compression  steel  would  be  elastic  at  the 
time  of  flexural  yielding.'  therefore,  a  general  analysis  was  made  on  the  basis 
of  the  assumptions  given  in  Section  1503.  The  stress  block  depth  is 

. .  1  ]n)| 
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Therefore,  the  depth  to  the  neutral  axis  is 

a  3.08  in.  „  , 

C  "  k,  0.8S  3,62  a 

Neutral  Axis  by  TrantfornMd  Section  Method.  By  summing  statical 
-  *  moments  about  the  neutral  axis  of  a  transformed  section, 

+  |2  n  -  1)A,'(c  -  d‘)  -  n  A,(d  -  el 

With  the  appropriate  substitutions  made,  only  one  root  of  the  equation  is 
positive.  Thus. 

c  -  4.57  in. 

Moment  of  Inertia  by  Ultimate  Strength  Design  Method. 

(n  -  DAjle  -  d'l*  +  nA,(d  -  el1  -  1,820 In.4 
Moment  of  Inertia  by  Transformed  Section  Method. 

I,  ■  *  l2n  *  ,,A>',C  '  •n’  +  "AW  -  *  l.«HI".4 

Grose  Moment  of  Inertia.  If  it  is  assumed  that  no  flexural  cracks 
exist  prior  to  loading,  the  gross  moment  of  inertia,  I,,  should  be  computed 
from  the  total  depth  of  the  beam.  Thus  "  '■ 

.  .  bhJ  _  -7.78(18)*  _ . 

•  TT  — 12 —  ’  2-1i0ln- 

On  the  other  hand,  if  It  is  assumed  that  flexural  cracks  exist  up  to  the  level 
of  the  tension  steel  prior  to  loading,  the  gross  moment  of  inertia  dtould  be 
computed  from  the  effective  depth  of  the  beam.  Thus. 

.  .  bd>  7.78(12.94)*  .  . 

'•  IT  - ?2 —  '  ’i^W.4  ... 
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Spring  Constant  by  NosMir's  Method.  In  accordance  with  Nosseir's 
method, 


384  Ele 
5  L3 


89.2  lc 


64.8  le 


Using  ultimate  strength  design  assumptions. 

k  ■  64.9(1.620)  •  106,000  Ib/in. 


Using  transformed  section  assumptions, 


k  •  64.9(1,601)  •  104,000  Ib/in. 


The  difference  between  solutions  based  on  ultimate  strength  and  transformed 
section  essumptions  is  only  about  1%. 

Spring  Constant  by  Air  Force  Design  Manuel  Method.  Using  ultimate 
strength  design  assumptions  and  a  gross  moment  of  inertia  based  on  the  total 
depth  of  the  beam. 


k 


2  ' 

. 

5LJ 


Zm±±B0  .  i,sqo  In.4 
•  89.21  -  169,000  Ib/in. 


The  method  can  be  modified  by  assuming  flenursl  cracking  to  the  level  of 
the  tension  steel.  In  this  case,  the  effective  depth  is  used  to  compute  the 
gross  moment  of  inertia.  Then  the  spring  constant  can  be  calculated  as 
follows: 


I 


*e  *  '«  1,403  +  1,620 

2  2 


1,612  in.4 


k  •  66.21 


136,000  Ib/in. 


The  spring  constant  determined  from  tests  was  98  kips/in.,  and  the 
predictions  were: 


Spring  Constant 

Method 

By  Ultimate  Strength 

By  Transformed  Section 

Value 
(kips/in ) 

Difference 

(%) 

Value 

(kipe/in.) 

Difference 

{%) 

Noeseir 

106 

7 

104 

6 

A'x  Fore*  Design  Manual 
{modified  method) 

135 

38 

134 

37 

Air  Force  Design  Manual 

100 

73 

168 

72 

The  accuracy  of  the  test  data  is  about  6%,  and  computations  were  carried 
out  with  an  accuracy  of  about  2%. 

All  prediction!  were  high,  but  the  ones  obtained  from  Noneiris 
method  were  near  to  or  within  the  accuracy  of  the  test  data.  Nosnir's 
method  produced  the  best  agreement  between  experiment  and  theory,  and 
the  unmodified  Air  Force  Design  Manual  method  produced  the  worst  Use 
of  the  transformed  section  assumptions  in  computing  the  moment  of  inertia 
of  a  cracked  section  produced  better  agreement  than  use  of  ultimate  strength 
design  assumptions,  but  the  difference  in  final  results  due  to  choice  of  assump¬ 
tions  was  only  about  IX. 


CONCLUSIONS 

t.  Of  the  three  methods  tested,  Nosaeir's  method  is  the  most  accurate. 

2.  The  transformed  section  assumptions  end  ultimate  strength  design 
assumptions  produce  predictions  with  about  the  same  accuracy. 
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RECOMMENDATIONS 


1.  Nosseir's  method  is  recommended  because  it  is  more  accurate  than  the 
other  methods,  and  it  is  just  as  easy  to  apply. 

2.  Ultimate  strength  assumptions  in  determining  moment  of  inertia  are 
recommended  for  the  sake  of  consistency  with  other  parts  of  the  analysis 
discussed  in  the  main  body  of  this  report. 


Appendix  C 
INELASTIC  HINGING 


INTRODUCTION 

The  purpose  of  this  appendix  is  to  present  the  derivation  of  equations 
for  evaluating  the  inelastic  hinge  in  order  to  determine  the  midspan  deflection 
corresponding  to  flexural  failure  in  reinforced  concrete  beams.  The  equations 
derived  here  apply  only  to  slender,  doubly  reinforced,  rectangular,  prismatic 
concrete  beams  on  simple  supports  and  subjected  to  uniformly  distributed 
static  or  dynamic  loading. 


OiiadaimH.MiiilUCnwliit 


The  theory  is  based  on  the  presumption  that,  for  the  sake  of  being 
consistent  in  all  designs  and  ease  in  performing  dynamic  analysis,  all  changes 
in  beam  behavior,  including  failures,  shall  be  defined  in  quantitative  Nrms 
as  values  of  strain  in  the  various  materials.  This  approach  is  essential  in  com¬ 
paring  the  shear  and  flexure  capacities  of  dynamically  loaded  beams  and  in 
comparing  the  static  and  dynamic  cases.  For  instance,  a  concrete  strain 
(fw  *  0.006  Win.)  at  the  remote  fiber  is  used  to  define  flexural  failure 
as  veil  as  certain  types  of  shear-compression  failure.  Some  minor  compro¬ 
mises  are  made  in  the  elastic  range  where  stress  criteria  are  used  and  easily 
converted  to  strain. 

Assumptions  regarding  distribution  of  stress  and  strain  outside  the 
hinged  length  are  discussed  in  the  Theory  in  the  main  part  of  the  report 
under  Flexural  Resistance.  They  generally  follow  those  of  the  ACI  for 
ultimate  strength  design  procedure. 


Assumptions  regarding  distribution  of  stress  and  strain  over  the  section 
at  the  center  of  the  hinged  length  at  the  time  of  flexural  failure  are  shown 
graphically  in  the  diagram  below.  The  symbols  in  the  diagrams  are  defined 
in  the  derivations  that  follow. 


»  •  i 


SECTION  AT  CENTER  OF  HINGE  (MIOSPANI 


Flexural  failure  has  been  defined  in  terms  of  the  ultimate  strain  of 
concrete,  as 

ew  *  O.OOe  In./in. 

Therefore,  at  the  time  of  failure  and  at  the  center  of  the  hinged  length,  the 
strain  in  the  compression  steel,  e,',  is 


*•’  *  0008 (>  -7) 


The  fictitious  stress,  f,  is  defined  here  as 

f  ■  rwft  >  f* 
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Therefore,  at  the  time  of  failure,  the  fictitious  stress  is 

f  -  0.006  Ee 

Furthermore,  the  dynamic  yield  strength  of  concrete.  fdcv,  has  been  defined  as 

*  0.85  f„; 

and,  therefore,  the  stress  block  proportion,  kj.  at  the  time  of  failure  can  be 
computed  as 


kt  -  -  1  -  %  -  1  -  141.87-^  CC-t) 

Thus,  the  stress  block  dimension,  a,  can  be  expressed  in  terms  of  the  distance 
to  the  neutral  axis,  c,  as 


a  -  k,c  *  ^1  -  141.87 -^e  (C-2) 

If  underrainforcing  is  maintained,  the  longitudinal  tension  steel  is 
yielded  after  yielding  of  the  beam,  and  the  total  tension  force,  T,  can  be 
expressed  in  terms  of  the  dynamic  yield  strength  as 

T  -  A,f„  IC-31 

The  compression  force  provided  by  the  concrete,  C,,  is 

e,  •  b,«y(iy£)  ■  0.425 bet*  (It,  ♦  1|  K4| 

The  compression  force  provided  by  the  compression  steel,  C,.  is 

C,  -  A,'f,‘  <  A,'f;,  tc-sl 

From  the  above  eouation,  it  can  be  seen  that  two  solutions  are  possible 
depending  on  whether  or  not  the  compression  steel  is  yielded. 
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Assume  that  the  compression  steel  is  yielded.  Then, 


> 


is* 

E, 


Thus. 


Solving  this  inequality  for  c,  the  limit  on  c  for  the  yielded  condition  can  be 
found  as 


e  < - j- -  (C-6) 

1  .Js* _ 

0.006  E, 

By  equilibrium  ol  longitudinal  forces, 

T  •  C,  +  C,  (C-7) 

Assuming  the  compression  steel  to  be  yielded  and  substituting  Equations  C-3, 
C-4,  and  C-5  into  Equation  C-7, 

Va,  ■  0.425  bcf*<k,  +  1)  +  A,'f.; 

Thus,  the  distance  to  the  neutral  axis  is 


I 

t 


a  '  ^t*.y 

0.42Sbf^(k,  ♦  1) 


IC-8) 


if  the  value  of  c  is  within  the  limit  specified  in  Equation  C-6. 

If  the  value  of  c  obtained  from  Equation  C-8  does  not  satisfy 
Equation  C-6.  the  compression  steel  is  not  yielded  at  the  time  of  failure,  and 
the  compression  force  provided  by  the  steel,  C,.  is  computed  as 

C,  -  Aft  ■  A,'  E, -  0.006  a;  E,(l  (09) 
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Now,  substituting  Equations  C-3, 04,  and  09  into  Equation  07, 

V*  *  0.425bcf*|kt  +  1)  +  0.006  A,' E,^1 
By  multiplying  each  term  by  c  and  simplifying, 

a42Sbf(i;(kl  +  tic2  +  10.006 A^ £,  -  A,fdy)e  -  0.006 <f" A,' E,  •  0 

Thus,  the  distance  to  the  neutral  axis  is 

<y„ •goWA.'t.i  ■  ,l(A.i„.oon««;£,i1  »  ooiosb^*;i.i;i«i»ii 

*  *  aiSbl^lk,  *  1) 

If  the  compression  steel  is  not  yielded  at  the  time  of  failure,  Equation  C-tO  ■ 
should  have  one  positive  root  inside  the  dimensions  of  the  beam  and  outside 
the  limit  given  by  Equation  C-6. 

It  should  be  remembered  that  the  value  for  k,  in  Equations  C-6  and 
C-10  is  for  tne  inelastic  regime  and  should  be  obtained  from  Equation  C-l. 

It  is  not  the  value  given  by  the  ACI  Code  equation,  which  is  for  the  upper 
bound  of  the  elastic  regime. 

Curvature 

The  curvature  is  equal  to  the  angle  of  rotation  at  the  neutral  axis, 
and  it  is  essentially  equal  to  the  tangent  of  the  angle  for  small  values  of  the 
angle.  The  curvature  expressed  asa  tangent  is  the  ratio  of  the  elongation  at 
the  remote  fiber  and  the  distance  from  the  remote  fiber  to  the  neutral  axis. 
The  units  are  in./in.  or  radians.  The  unit  curvature,  then,  is  the  ratio  of  the 
strain  at  the  remote  fiber  and  the  distance  from  the  remote  fiber  to  the 
neutral  axis  The  units  are  in  /in  /in.  or  radians/in.  The  unit  curvature  at 
the  center  of  the  hinge.  4,.  at  the  time  of  failure  is 

4t  •  ^  •  ^-S-rad/in. 


Moment 

The  dynamic  resisting  moment  at  the  center  of  the  inelastic  hinge  at 
the  time  of  failure,  M,,  can  be  obtained  by  summing  the  moments  from  the 
tension  steel,  compression  steel,  and  concrete  about  the  neutral  axis  By 
summing  moments 


i  . ;  ;  •  ■  ;a 

' 

* 

•  f 

• 

.  •  ; 

i  ? 

*  ? 

. 

®  ■ 

M,  -  T(d  -  c)  +  C,(c  -  d'l  +  fdev(2  +  2k,  -  k?)  (012) 

•  r- 

• 

By  substituting  Equations  C-1  and  C*3  into  Equation  C«12.  the  moment  can 
be  expressed  in  a  more  convenient  form  as 

»  l 

i 

M,  -  V«,M  -  «l  ♦  C,tc  -  d'l  *  0.4J5btJlJl  -  CC-13) 

i 

! 

Values  of  C,  are  obtained  from  Equations  C*5  and/or  C*9,  depending  on 
whether  or  not  the  compression  steel  is  yielded  at  the  time  of  failure. 

J 

•  \ 

* 

SECTION  AT  EDGE  OF  HINGE 

‘  * 

.  Momt.it 

i 

1 

The  edge  of  the  hinged  length  is  at  the  section  where  the  ultimate 
design,  dynamic  resisting  moment.  Mau.  exists.  The  moment  MJU  is  dis¬ 
cussed  in  the  Theory  in  the  main  part  of  the  report  under  Flexural  • 

Resistance.  Formulas  for  computing  Mail  aregiven  in  Equations  64  and  , 

65  of  that  discussion.  [ 

•  •  f 

* 

l 

t 

Neutral  Axil  i 

»  ! 

: 

i 

The  distance  from  the  remote  fiber  to  the  neutral  axis,  c,  at  the 
section  where  exists  is  also  discussed  in  the  Theory  under  Flexural 

Resistance.  Formulas  for  computing  c  are  given  in  Equations  60  and  66 
in  the  main  part  of  the  report. 

When  doing  calculations,  care  must  be  taken  to  prevent  confusion 
with  regards  to  values  of  k|  and  C  at  the  center  of  hinging  and  those  at  the 
edge  of  hinging. 

•  j 

1 

Curvature 

|  i 

l 

The  unit  curvature  of  the  edge  of  the  hinge  length,  can  be 

expressed  as  the  ratio  of  strain  in  the  tension  steel,  and  the  distance  from 
the  tension  steel  to  the  neutral  axis.  Thus, 

•  i 

■i 

♦*,  •  red/in.  (C-14> 

where  $%  equals  fjy/E,. 
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DEFLECTION  AT  MIDSPAN 


By  assuming  linear  curvature  distribution  along  the  span,  a  curvature 
diagram  can  be  constructed  as  shown  below. 


The  distance  H  is  the  distance  from  the  center  of  the  hinge  to  the  edge  of 
the  hinge,  and  the  distance  x*,  is  the  distance  from  the  support  to  the  edge 
of  the  hinge. 

The  true  curvature  distribution  over  the  interval  x(g  is  proportional 
to  the  ratio  of  moment,  M.  and  stiffness,  El.  The  modulus,  E,  is  essentially 
constant  when  considering  the  accuracy  of  the  method,  but  the  moment  of 
inertia.  I,  is  not.  Thus,  “ 


Experience  has  shown  that  assuming  linear  distribution  produces  hwults 
about  as  accurate  as  those  when  assuming  distribution  proportional  toM 
because  of  the  variable  nature  of  I,  and  the  complex  relation  of  I  to  x  pre¬ 
cludes  I  in  the  assumptions  It  is  understood  that  considerable  accuracy  it 
sacrificed  here  to  achieve  reasonable  simplicity. 

The  deflection  at  midspan  corresponding  to  failure  in  flexure 
(ew  *  0.006  inVin.)  can  be  approximated  by  determining  the  hinging 
length  and  then  summing  the  moments  of  areas  in  the  curvature  diagram 
about  a  point.  The  point  of  interest  in  this  case  is  at  the  support. 


5 

i 


\ 
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The  position  along  the  span  where  the  moment  Mdu  exists  can  be 
approximated  by  assuming  static  moment  distribution  as  shown  below. 


Mwint  Otefrwn 

From  the  diagram,  it  can  be  9een  that 


The  ratio  of  the  dynamic  resisting  moments  at  the  center  and  edge  of 
hinging  is 


M.  _ 

M.g  4«*,(L-*.al 


(C-17) 


Equation  C-17  can  be  solved  lor  in  terms  o(  M(,  M*,,  end  L  which  are 
known.  Therefore,  the  distance  from  the  support  to  the  edge  of  hinging, 

«...  is 


i 

i 

! 

! 

j 

Only  one  of  the  roots  of  this  equation  exists  in  the  half  of  the  beam  under  ,> 

consideration.'  therefore,  ■ 

i 

x*-7  ,<m«  j 

The  deflection  at  midspan,  y(,  corresponding  to  failure  in  flexure  can  then  j 

be  derived  by  summing  the  moments  of  areas  in  the  curvature  diagram  about  ? 

a  point  tt  the  support.  Therefore, 

Yt  *  ^  +  2*,)  +  —xaJ*dll  -  *,)  -J-XtU,  (C»l 


CONCLUSION 

If  the  midspan  deflection,  y.  of  the  beam  exceeds  the  value  of  yi, 
the  beam  is  considered  to  be  failed  by  crushing  of  the  concrete  at  the  remote 
fiber  at  midipen. 


* 
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sticity  of  steel  (psi) 

•; 

Stat.‘c  yield  strength  of  compression  bars  (pei) 
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Gross  moment  of  inertia  (in.4) 
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Spring  constant  (Ib/in ) 
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„  Moment  (m  »lb) 

ression  start  (|isi) 

Uttimate  design,  dynepwc  resisting  moment  (m.-fc) 
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Dynamic  resisting  moment  at  the  censer  of  the  hinge  at 
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or*  rue  »n  trnsion  (psi/ser) 

»n 

Maximum  resisting  momant  (m.>lb) 

>f  it  tmy  strength  of  the  concrete 
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Moment  at  distance  *  (m.' lb) 

J  (|’V) 

m 
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N  Number  of  yielded  stirrup*  V 

n  Ej/E,.  modulus  of  elasticity  ratio,  elso  cycle  Vb 

number  in  numerical  integration 

P  load  between  supports  (lb)  V, 

Pe  Cracking  load  (lb) 

p  A^bd.  reinforcement  ratio  V, 

p*  A^/bd,  compression  reinforcement  ratio  V* 

pt  Reinforcement  ratio  that  would  produce  yielding 

of  the  compression  reinforcement  concurrent  '  Vw 
with  yielding  of  the  tension  reinforcement 

Pt  Reinforcement  ratio  that  would  produce  balanced  Vw 

conditions 

p*  Tension  reinforcement  retio  for  steel  in  the  web 

Q  Statical  moment  of  the  cross  section  (m.3|  V, 

q  Uniform  load  (Ib/in.)  e 

H  Flexural  resistance  (lb)  v# 

H,,,  Maximum  flexural  resistance  (lb)  vm 

It,  *  Reaction  at  support  (lb)  vM 

r  Radme  of  compression  bar  (m.)  ,  w 

rf  Dynamic  yield  resistance  (ib/in )  w 

•  Stirrup  spacing,  center  to  center,  parallel  to  the  w# 

beam  axis  (m.) 
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T  load  Ax  at  ion  (sac);  aho  tenpon  force  (lb) 
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T„  Natural  period  of  vibration  (sac) 

t  Tima  (sac)  x, 

u  Bond  strata  (psi) 

Uy  Ultimata  bond  stress  (psi) 


Sheer  (lb) 

Distant 

Maximum  allowable  sheer  at  the  critical  section  for 
bond  (lb) 

» 

Deflect 

Sheer  resistance  contributed  by  the  concrete  (lb) 

» 

Veloat 

Maximum  dynamic  shear  force  at  the  support  (lb) 

V 

Acceler 

Sheer  at  the  support  (lb) 

Deflect 

Sheer  resistance  at  the  support  corresponding  to  the 

Velocit 

ultimate  bond  resistance  (lb) 

Shear  resistance  at  the  support  corresponding  to 

Vl 

Deflect 

flexure 

the  diagonal  tension  cracking  resistance  (lb) 

Yield  d 

Sheer  resistance  at  the  support  corresponding  to  the 

t 

Over  he 

usable  ultimate  tmr  resistance  (lb) 

Usable  ultimate  sheer  resistance  (lb) 

a 

Angle  t 

Sher  at  distance  x  from  the  support  (lb) 

to 

Timeir 

Sheer  stress  (pei) 

I. 

Sum  of 

Sheer  strength  contributed  by  the  concrete  (psi) 
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Strain  | 

Maximum  dteer  stress  at  the  critical  section  (pei) 
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Strain  r 

Usable  ultimate  sheer  strength  (psi) 

«c 

Strain! 

Wsi0>t  of  the  beam  (lb) 

*« 

Strain  r 

Uniformly  distributed  load  (Ib/in.) 

»w  • 

Ultima! 

Peak  uniform  load  (Ib/in.) 

•cr 

Yield  st 

0 (Stance  from  the  support  along  the  beam  axis  |ia) 

**>r 

Dynem 

Distance  from  the  support  to  the  critical  section  lor 

*. 

Strains 

bond  (m ) 

Strain  r 

Distance  from  At  support  to  the  critical  section  for 
tmr  (in) 

Strain  a 

Distance  from  the  support  to  the  pomt  where  the 

K 

Strain  r 

amount  of  web  reinforcement  change*  (in ) 

•! 

Strain  w 
crack inj 

Ultimate  strain  of  steel  (m  /m ) 

YnM  strain  of  steel  (m  /in ) 

Strain  in  stirrup  (in  /in ) 

Strain  ratt  in  stirrup  (m  /in  /sec) 

Yield  stre<n  of  stirrup  (in  /in.) 

Oansity  (lb/ft3) 

Direct  stress  (pn) 

Dynamic  yield  stress  (psi) 

Static  yield  stress  (psi) 

Capacity  reduction  factor  (psi/psi);  also  unit 
curvature  (rad/in.) 

Rate  of  change  of  unit  curvature  with  respect  to 
time  (red/ia/sec) 

Unit  curveture  at  midspan  (rad/in.) 

Unit  curvature  at  the  edge  of  the  hinge  (rad/in.) 

Unit  curvature  at  the  center  of  the  hinge  at  die  time 
of  failure  (rad/in.) 
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Naval  Facilitiaa  Engineering  Command 


Thaoratical  and  aaparimental  work  wot  domat-NCiL  to  study  shear  and  diagonal  tension 


in  rectangular,  ram  for  cad  concrete  beams  on  simple  supports  and  subjected  to  uniformly  distributed 
dynamic  and  static  loads.  The  objective  was  to  determine  criteria  for  the  minimum  amount  of  web 
reinforcement  required  for  developing  the  ultimate  flexural  resistance  of  beams,  and  to  determine 
the  difference  between  theee  criteria  for  static  and  dynamic  loading.  The  main  portion  of  the 
experiment  work  consisted  of  testing  S3  beams;  29  were  loaded  dynamically  and  24  were  loaded 
statically.  Emphasis  was  placed  on  effectiveness  of  web  reinforcement;  47  beams  contained  web 
reinforcement  and  six  had  none.  All  of  the  beams  werj  tested  in  the  NCE  l  blast  simulator.  Static 
loads  wart  applied  using  compressed  air,  and  dynamic  loads  wart  applied  using  the  expanding  g>s 
from  detonation  of  Rrimaeord  ax  plows*  All  of  the  baams  were  slander,  and  all  of  them  were 
rectangular  except  10  that  were  I -shaped.  It  was  found  that  the  shear  and  the  sheer  strength  in  the 
beams  wore  greeter  under  dynamic  load  then  under  the  »me  amount  of  load  applied  statically. 
Further  mere,  it  was  found  that  a  beam  with  enough  web  reinforcement  to  force  flexural  failure 
under  static  loecfcng  might  not  have  enough  to  force  flexural  failure  under  dynamic  loading.  The 
theory  was  found  to  predict  behavior  up  to  the  uaablt  ultimate  shear  strength  within  normal 
engineering  accuracy,  end  to  prwida  a  fair  estimate  of  the  time,  location,  and  mode  of  failure.  /* 
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